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ThesisAbstract

Polygonal faults are laydyound arrays of normal faults confined to specific
stratigraphic intervals called tiers. Typically hosted in fgnained sediments,
polygonal faults are thought to have the potential for fluid leakage and represent a
potential seal bypass mechanism. Intergral to understanding the impact of polygonal
faults on regional top seal is timing and evolution of polygonal fault tiers. Whilst there
are numerous studies imaging and describing polygonal faults in numerous basins
around the world, very few specifically consider the growth of polygonal faults.
Additionally, very few polygonal fault studies examine the evolution of fault
hierarchies and how these hierarchies accommodate strain and deformation within the

tier.

This stuly examines two wedgghaped polygonal fault tiers on different passive
margins. The first polygonal fault tier studied is from offshore Angola and is hosted

in sediment thickness of less 500 m, in Mieistocene claystones. The second tier
examined isfom the Modgunn Arch, Norwegian Margin and is hosted in a sequence
of siliceous oozes and claystones of Eocene to Pliocene age, up to 1200 m in thickness.
This study uses the differences in sediment ages to compare and contrast polygonal
fault tiers at diferent stages of evolution and aims to examine common features

between young and mature tiers in order to constrain tier evolution.

This study considers two aspects of polygonal fault growth. Firstly it considers the
utility of perturbations in polygonal fault tiers around features of the base of the tier.
These perturbations have the potential to be a useful proxy for elucidating the
nucleation position of polygonal faults in the tier. The second aspect of polygonal fault
tier evolution reviews the mechanisms that control organisation hierarchies within a

tier and examines the role of linkage in creating large master polygonal faults.

The results of this thesis show that the polygonal faults can initiate at low temperatures
and low pressures, in sediment thickness of 100 m or less. Moreover, it can be
demonstrated that polygonal fault tips propagate preferentially upwards with pasal ti
pinned by a mechanical boundary at the base of the tier and lateral tips pinned by early
forming branchline intersections. The transition from shallow to deep burial shows
that polygonal fault hierarchies are naturally forming and may relate to variatio

the propagation rate of polygonal faults within the tier. With increasing burial, there




is an increased likelihood of branchline interaction. Branchline interaction can occur
laterally with lateral tips abutting against other faults in the networkticéé
abutments occur where upwardly propagating tips interact to form triangular
abutments and are a key mechanism forcing in the organisation of polygonal faults
and growth of Master faults. Both abutment styles also impact the spatial distribution
of displacement maxima. Polygonal fault tiers also show subtle spatial variablilty in
orientation and linkage mechanisms that can be attributed to the distribution and
magnitude of far field stresses as well as the early fault dimensions. This thesis also
preents a primie facie case for diachronaity in polygonal fault growth driven by
variations in sediment loading and branchline linkage complexity. Overall, this thesis

describes and accounts for some key behaviours of incipient polygonal faults tiers
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Introduction

1.1 Rationale

Polygonal faults are arrays of laybound, normal faults that form laterally extensive
arrays(Cartwright, 2011) Polygonal fault arrays have been found in humerous 3D
surveyqCartwright, 2011jrom all over the world and now in outcrépewksbury et

al., 2014)(Fig. 1.7. The origins of polygonal faults are widely actspto be non

tectonic(Cartwright et al., 2003and the mechanism that forms them has been widely

debated (see sectiar?.1f or summary). The term O0tierd

faults to describe the layer bound geometry of -temtonic normal faults by
Cartwright(1994) The trm, tier, refers to a cross sectional view through a polygonal
fault network whereby the polygonal faults are constrained to a particular sequence of
reflections.The concept opolygonal fault ties, although widely used, has not been
rigorously investigted. The studies that do examine tiers examine the impact of sand
within the tier facies and have since suggested that polygonal fault tiers may be defined
in part, by lithological variation. Many examples have shown polygonakfeart be
influenced bythe presence of deep marine sand char(@sgwright, 2011; Jackson

et al., 2014; Lonergan and Cartwright, 1999; Mdller et al., 20€4anges in clay
mineralogy(Cartwright and Dewhurst, 1998; Dewhurst et al., 129@) by transitions

from clay to limestongOstanin et al., 2012)The work on the interaction between
polygonal faults and sandstone channels is of particular interest. The work of Jackson
et al. (2014) and Cartwright (2011) suggests thatgwyigl faults decouple where
sands are present. In contrast, Cartwright and Lonergan (1999) and Mdller et al. (2004)
suggest that polygonal faults can help to not only constrain the position where channels
form, but also aid in the erosion of the bankseyiew by Cartwright (2011) takes the

term tier a stage further by providing schematic diagrams of an idealised, complex and

wedge shaped tier as well as suggesting a fault hierarchy

There areseveral very pronounced gaps witpiolygonal fault literature. To date, no
study has explicitly considered the growth of polygonal faults, in particular the relative
timing of when nucleation and growth occurs relative to the sediment thickness. Given
that polygonal fault arrays are susablet to changes in regional stress (€gtanin

et al., 2012)local tectonic stress (e.@arruthers et al., 2013; Hansen et al., 2@0w)
stress generatearoundstructures within the tier (e.@Andresen and Huuse, 2011;
Hansen et al., 2005; Imbert, 200Bxamination of the

\
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Figure 1.1:Global map showing the locations of polygonal fault arrays redrawn and updated fromrightt (2011). A and B refer to the locations of polygonal fault arrays
studied in this thesis. The base map was produced from Ocean Data View 4, Schlitzer R., Ocean Data View, http://o@\&wi.de, 2
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stratigraphic position of fault patteperturbationsas suggested in Cartwright (2011),
could provide a usefyroxy for constraining nucleation position and timing. Despite

a wide range of studies conducted on polygonal fault arrays, no study has specifically
considered the implications of perturbatiorfsstress on timing the evolution of

polygonal fault tier formation or for polygonal fault growth.

The temporespatial evolution of a polygonal tiem particular the evolution of
organisational hierarchies common within polygonal faults (see exampl&syiret

al., 2004; Cartwright, 2011; Ostanin et al., 2012; Seebeck et al., BA35)ot been
considered. Additionallythe wedge shaped tier as a concept is somewhat misleading
as the 6éwedge shaped depends | argely on
seismic survey and the directionality of the line of section. If a line was to be drawn
parallel to the contours of a given wedtiee pattern geometry is likely to chantp

match either the ideal or complex tier geometry depending on the complexity of the
planform pattern. There is also no clear definition as to what constitutes an upper and
lower tier boundaryor indeed how contiguous the fault pattern has to be. Ghagn
examples of polygonal fault patterns can extend for up to 2,000,8q@artwright,

2011), itis likely that pattern changes over the areal extent are common. The presence
of subtiers within a tier was suggested by Cartwright (1994) from the poajdaalt

arrays in the Palaeogene of the North Sea and is yet to be investigated further.

This thesis aims to examine the evolution of fault organisation within polygonal fault
tiers and exaine the significance of locglerturbationin polygonal faultpaterrs.

These two aspects of polygonal fault tier development will give important athoes

the evolution of polygonal fault tiers by constraining how much bisialeeded to

allow polygonal faults tawucleate in a sediment columibased on the relatiship

between perturbation patterns at the base of the tier and associated thickness changes
over structures. Byexamining the impact that evolving mechanical conditions, such

as changing regional stresses and diagenesis, have on tier deve)opisdrass will

give important clues as to how polygonal fault hierarchies develop.

1.2 Polygonal fault growth and evolution

Polygonal fault arrays have been the subject of study for over twentyears, et
despite this, there astill fundamental questions remaig regarding polygonal fault
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tier formation. The proceeding section summarises the key findings of polygonal fault

research since their first discovery through to the present day.

1.2.1 Polygonal fault genesis mechanisms

Polygonal fault genesis is the mostdedy studied and debated aspetpolygonal
fault arrays. There are to das&x genesis mechanisms, the following sections examine
the chronology of polygonal fault research, including their genesis mechanisms from

first discovery to the modern day

1211 First di scovery to the |l ate 9060s
Polygonal fault arrays have been the subject of contisuedly for the last twenty
years. he first study conducted on polygorallt arrays (then termed laybound

faults) was conducted tyenriet et al., (1991, 198@n clay tectonic features in 2D
seismic and outcrop in the Ypresian clays of Belgiumthadouthern North Sea. The
origin of the clay tectonic features was attributed to density inversion where under
compacted andverpressured muds created a series of low amplitude folds, which in
turn, create fractures and faults in sealing units that allow the overpressure to be
releasedKig. 1.2. This release of overpressure and pore pressure collapse, compacts
the previously overpressured clays. With the advent of 3D seismic data, polygonal
faults were described in 3D seismic surveys from the North(Gaawright, 1994a,
1994b) The genesis mechanism of these polygonal fault arrays was also attributed to
overpressure release following hydrofracturing in the Lower Miocene sediimeats
mechanism similar to that proposed by Henriet et al. (1989, 1991).

During the mid to late 1990s, polygonal fault genesis was attributed to volumetric
contraction of sednents.Cartwright and Lonerga(1996)first suggsted volumetric
contraction based on radial line length restorations. These restorations showed that
line balancing techniques for polygonal faults suggested a laterally isotropic strain.
Cartwright and Lonergan, (1996) suggest that as polygonal fawsarrahe Lower
Miocene of the North Sea are so pervasive, the mechanism to form them is internal,

governed by pore fluid pressure increases or tensile stresses generated by pore
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Figure 1.2: From Cartwright et al. (2003) a simplified sketch of the evolutionary diagram from Henriet

et al. (1989). Stage | describes the deposition of clays, Stage Il describes the sealing and pressure build
up. Stage Il marks the onset of density inversiateatoading. The final stage (Stage 1V) overpressure

is released by hydrofracturing and compaction of the clays
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pressure loss. Importantly, the conditions for polygonal faulting were not considered
to be theresult of farfield tectonic stress. Later wotky Cartwright and Dewhurst,
(1998)reviewed 28 examples of polygonal fault arrays using 2D and 3D seismic data.
Cartwright and Dewhurst (1998) found that all polygonal fault arrays are found within
ultra-fine to fine grained marine sediment sequences, rich in clay, with low porosity
and high permeability. Further to this, Cartwright areburst (1998) conclude tha

type locations of North Sea, UK and Eromanga Basin, Australia, develop through a
process of betength contraction termed synerestgy( 1.3. Syneesis was the focus

of a study byDewhurst et al. (1999vho used both seismic and well data to reconcile
the micrascale variation in clay facies with the seismic expression of polygonal faults.
Dewhurst et al. (1998) showed that fh@ygonal fault arrayin the North $a are
hosted within a smectiech sequence of rocks. Dewhurst et al. (1999) noted that high
smectite percentages (>60%) and | arge pr.

were coincident with regions of higltrain in a polygonal fault tier.

1.2.1.2 Polygonal fault genesis 2000 to 2010

The polygonal fault genesis debateemsified during the early 2080A study by
Watterson et al. (200@fudied a polygonal fault tier in an onshore survey in the Lake
Hope regon of Australia. Watterson et al. (2000) noted two important features in the
survey; the presence of anticlinal folds in the hanging walls and synclinal folds in the
footwalls of the polygonal faults cells and the low density zone at the base of the
polygmal fault tier. The folds are containe
with the antiforms occupying 14% of the cell space. This geometry was suggested by
Watterson et al. (2000) to be geometrically similar to density inversion structures in
andogues on a variety of scales. Watterson et al. (2000) concluded that this
observation coupled with the ledensity layer are more indicative of a polygonal fault
array generated by gravitational overturning as opposed to syneresis. The findings of
this sudy were the subject of debateJames (2000yvho suggested that the anticlinal
folding is more suggestive of flexure between beds on a common hanging wall

between conjugate faults, rather than being related to diapirsim.

The polygonal fault genesis argument was further intensifiedcbylty, (20Qa,
2001b) Goulty (2001b) suggested that syneresis was not needed to explain genesis of
polygonal fault arrays. The intrinsic mechanical properties of polygonal fault hosting

lithologies is conducive to compaction failure as the-fir@ned rocks angediments

5
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have exceptionally low coefficient of friction. Goulty (2001a) summarises the early
work of Cartwright and [@whurst (1998) Dewhurst et §1.999) and Watterson et al.
(2000)and suggests that both density inversion and syneresis need not be invoked to
explain polygonal falting. Goulty (2001a) suggests that polygonal faulting can be
explained using 1D consolidationésoil mechanics. Goulty (200iilds upon this
andsuggests theoretical model using the Eocene London Clay as proxy to the Lower
Tertiary units of the Ndh Sea. Goulty (2001b) demonstrates that the London Clay
has a low angle of shearing resistarice &8°) and low residual shear resistange (

= 0.14). Goulty (2001bjnfers that sediments on a level surface, undergoing pure
vertical compaction, with ndorizontal strain o) can reach the MohCoulomb
failure envelope and produce shear failure due to their intrinsically low mechanical
strength Goulty (2001a, 2001b) did however concede that the mechanism only
applied once fractures had developed. A mavief polygonal fault genesis
mechanisms bZartwright et al. (2003summarised the merits and caveats of all the
leading polygonal fault genesis mechanisms including gravity sliding, density
inversion, syneresis and gravitational loading. Cartwright et al. (2003) concluded that
despite the differensebetween each mechanighrere were emerging themes of early

development, compaction and pore fluid expulsion.

Two separate studies biibsch et al., (2003) and Hansen et al., (2@@&Hhonstrated

that polygonal faults could be hosted within chalks as well as within clays. Hibsch et
al. (2003) reviewed a number of inti@mational structures within chalks thfe Paris
Basin, France and East Anglia, UK. These structuresddition to being found
exclusively within the chalk, exhibit a diverse range of fault and fracture strikes.
Hibsch et al. (2003) propose that the observed deformation may be polyphase and
explained by changing stress orientations through time or that the deformation is from
a single phase of polygonal fault formation, driven by syneresis. Based on the layer
bound nature of the structures and the multi azimuthal strikes, these chalk &melts w
tentatively compared with polygonhtaults. A second seismistudy also described
polygonal faults in chalks from the Eastern Canadian margin (Hansen et al., 2004).
Hansen et al. (2004) suggest that the despite the variation in lithology between their
study and the earlier work of @aright and Dewhurst (1998) and
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Figure 1.3: From Cartwright et al. (1996), a schematic diagram comparing two potential mechanisms

to explain the deformation seen in Tentigoolygonal faults from the North Sea. Case A considers
compaction and net extension and B compaction and contraction. As no extension is observed in the
polygonal fault arrays of the North Sea the deformation can be accommodated by bed length

contraction(syneresis)
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Dewhurst et al. (1999), the presence of polygonal faults in chalks would suggest a
common mechanism, in this case, a mechanism of syndneaisattempt to reconcile

the debate between low coefficients of friction andesgais Goulty and Swarbrick
(2005)used geomechanicatodelling to try to test howow coefficients of friction

could cause polygonal faultingsoulty and Swarbrick (2005) used the formation
integrity test to estimate the minimum horizontal stress value and used computer
modelled outputs from ShaleQuant, which reviews the wireline lsgoreses, to
estimate vertical stress from four wells in the North &saulty and Swarbrick (2005)

were able to estimatéhe ratio between vertical and horizontal strelss and
demorstrate thathe Tertiary clays the tested wells have low coefficientisresidual

friction (U = <0.13) These low coefficients of friction are thougbtbe indicative of

fault development. This work was critiqued Bgmes (2006)who argued that
estimating horizontal minimum stress from leak tests creates an ovestimation

of Ko values as leakff tests were the result of overpressured horizons. James (2006)
also suggests that polygonal fault growth occurs under shallow burial and so
overpressure and pore pressure are likely to be reduced. James (2006) also critiques
the use ofKo as the polygonalfaults accommodate strain internally through
compaction and dilation around fault tip:
implied inKo conditions. Goulty and Swarbrick (2006) counter the criticisms of James
(2006) and assert that the leafik test method is correct. Goulty and Swarbrick (2006)
agree that whilst polygonal fault initiation takes place at shallow depths, there was
circumstantial evidence indicating polygonal fault activity at greater burial depths.
Goulty and Swarbrick (2006) algmint out that nucleation and development can be
separate processes operating in the subsurface. Furthermore, the values recorded by
Goulty and Swarbrick (2005) are representative of present day conditions that allow

fault growth and not initiation condions.

In a review byGoulty, (2008)all current polygonal fault initiation mechanisms were
reviewed in light ofprior studies(Gay et al., 2004; Hansen et al., 2004; Hibsch et al.,
2003; Wattrus et al., 2003)sing syneresis or shrinkage as the initiation mechanism
in polygonal faults. Goulty (2008) notes that whilst syneresis has been observed in a
variety of lithofacies and ater salinities, laboratory experiments of syneresis in clays

show that syneres@ccurs in clays with very high porosities and where there
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Figure 1.4 From Davies and Ireland, (2011), A schematic diagram summarising the mechanisms by
which the convesion of Opal A to Opal CT can create polygonal faults. Offsets are maintained by
differential compaction across the partially converted polygon. Unconfined cells create a series of
digenetic lows the edges of which, act as sites for strain localisatiohenak fault nucleation and

growth.
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is a pore fluid chemistry change from fresh to high salinity pore water. Goulty (2008)
also suggests that syneresis is geologically instantaneous, yet fault growth continues
for millions of years diring burial, a phenomenavhich is not explained by syneresis.
Goulty (2008) also notes that a studyRmatt, (1998)nfers that sukariel cracks can

be caused by dewatering during strong earthquakddhat the term syneresis itself
refers to a geometry as opposed to a single process. Finally, Goulty (2008) suggests
that the results of previous work by Goulty and Swarbrick (2005) indicate that the
polygonal faults studied are still presently activethwcontinued mechanical
compaction. Goulty (2008) concludes that lowetficient of friction allow for
continued fault growth and that syneresis and density inversion remain untested in
laboratory conditions, nor has convincing evidence been provideddibservational

arguments.

Davies et al. (2009)sed 3D seismic data from the Mgre and Vgring basins, offshore
Norway to describe the interaction between polygonal faults angatfdbiogenic

silica) to opalCT (tridymite and cristobalitajansition Davies et al. (2009) observed

a wavelength pattern comprised of quastular folds termed cells. Davies et al.
(2009) note that peaks in cells correspond to forced fold trougtieioverburden.
Furthermore, the troughs are often flanked by polygonal faults. Davies et al. (2009)
infer that mechanical compaction driven by porosity loss in the diagenetic zone drives
fault growth Fig. 1.4.

Shin et al., (2010ised numerical modelling to test end members of polygonal fault
growth, deep blind faults, near surface faults and at surface faults. The models
generated by Shin et al. (2010) were, 2iith a presumed shear plane and a laterally
confined volume. The reka suggest that for field data and the results to match, the
effective stiffness of the sediment must be Idineral dissolution was proposed to
account for low stiffness and to trigger polygonal fault growth. In addition, sediment
stiffness decreases time with increased dissolution, so polygonal faults nucleate at
different times within a single tiewith faults accumulating strains whilst others are

only just nucleating.

1.2.1.3 Polygonal fault genesis: 2010 to present day
Davies and lIreland, (2011)se 3D seismic data from the Gijallar ridge, offshore
Norway. Within the survey a@pal A/CT reaction front interacts with a polygonal
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fault network. Two styles of interaction are described, the unconfined cells near the
upper polygonal fault tips and the fault confined cells between the upper and lower
fault tips. For both interactiostyles Davies and Ireland (2011) propose a feedback
loop whereby the reaction front interacts with silica rich betisch are subsequently
converted from opal to opalCT. The opal A/CT reaction is accompanied by
porosity losswhich drives subsidence @rmreates shear within the bed between the
converted and unconverted cells on either side of the fault or fault tip. Fault
propagation under this paradigm is thought to be preferentially upwards.

1.2.2 The evolution of polygonal fault tiers

1.2.2.1 Polygonal fault growt
Traditional models of fault growth have long been considered to be through radial

propagation(see Barnett et al., 1987However polygonal fault arrays have been
suggested to form early, during shallow burial (5&e1.9 and as suglsome studies

have debated the mode of growth for polygonal fault arrays.

Cartwright (1994a) suggests that polygonal fault arrays have an early upward growth
(see Cartwight (1994a) Figure 20 IV).Lonergan and Cartwright, (1998)iggest that

the link between the present day configuration of a sand botinwiite area of study

and the position of the polygonal faaltraysuggests that the polygonal faults helped

to constrain the location of the sand body and hence were active near the seabed to
influence depositional topography. Early growth was lateriefeby Watterson et al.
(2000) based on the skew of displacement maxima towards the base of the tier. Work
by Stuevold et al. (2003ndModller et al. (2004jrom the Ormen Lange region of the
Norwegian margin, paralleled observations made by Lonergan and Cartwrig®}.(19
Stuevold et al. (2003) anmldller et al. (2004)showed that polygonal fault tiers
initiated early based on thickening packages in the polygonal fault hanging walls. A
similar observation was made in work on the Sable-I&adin, on the Canadian
Atlantic margin byHansen et al. (2004Hansen et al. (2004dbserved growth
components within the Wyandot tier, a thin tier within Upper Cretaceous chalks that

suggest early growth and interaction with the free surface (i.e. seabed).

Work by Nicol et al., (2003xamines the growth of polygonal faults from the Lake
Hope region of Australia. Nicol et al. (2003) noted a predisposition for fault
intersections with high intersection angles of greater than 60°. Fault linkage between

abuttingsegments is permitted on faults that share a mutual footwall and hanging wall

11
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faults are deactivated. This effect is caused by a thickening of a mobile overpressured
unit within the footwall of the polygonal faults and a reciprocal thinning in the hanging

wall.

modelling results from Shin et al., (20Xjow that shallow faults have asymmetrical
throw profiles under gravitational loading. The work of Shin et al., (2010) strongly
indicate that the position dDmax does not necessarily equate to the positbén
polygonal fault growth under the established radial growth paradigm. This is due to
an enhanced Rx position towards the upper half of the fault plane caused by

differential sedimentation in the fault hanging wall.

Laurent et al.(2012) examined polygonal faults from the Gjallar ridge, Norwegian
Margin, and suggestthat polygonal faults propagate radially within specific
mechanical units. The stacking oketie mechanical units generategltiple tiers of

faults that link via dipinkage. The work by Laurent et a(2012 was based on a
program that automatically picks all reflections within a specific volume. The throw
data are then extracted from a coherency cube. In the coherency data the faults are
represented as stepped distinuities. From these Laurent et al. (2012) interpret a
series of stepped relays to indicate dip linkage. However, as the fault geometry and
throw values are extracted from coherency attribute, Laurent et al., (2012) do not
consider the potential artetacthat arise from the generation of a coherency cube,
notably the width of the pick window from which the coherency is calculated
(Bahorich and Farmer, 1995)s no seismic data ackearly presented, nor is there a
depth or TWT throwdepth plot presented, the ¢hiv data generated can equally be

interpreted as artefacts from the generation of coherency cube.

1.2.2.2 Organisation of faults within tiers
Whilst there are numerous studies documenting polygonal fault geometry and

lithological variability, there is a paucity data on how polygonal faults are organised

within a single tier. The early work Qfartwright, (1994bhoted that there were likely

to be sntailelresr6 6osfubpol ygonal Idpalygbnaldaulic ont ai
tier. This is based on the cross cutting relationships observed between polygonal faults

at different stratigraphic levelsonergan et al(1998)in their appraisal of polygonal

fault geometryand intersections noted a spdikng effect with smaller polygonal

faults abutting and truncating against larger polygonal faults within individual layers.
Most recently Cartwright, (2011) descri b
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describe the largest polygonal faults withigiven tier and denote the upper and lower
tier boundaries. Subsequently many studies have described aedosgistem of
polygonal fault heigh{Gay et al., 2004; Laurent et al., 2012; Ostanin et al., 2012;
Seebeck et al., 2015)he origin and significance of changing fault sihilst widely

observed, has yet tze fully described or explained.

1.2.2.3 Mechanical stratigraphy and polygonal faults
Mechanical stratigraphy, as defined in a recent revieldupach etla (2009 is the

subdivision of rock units according to mechanical properties or by the response of
rock units to an applied force. This section $jeadly examines the impacbf
mechanical stratigraphy on faulting, the impact of mechanical straltigran
fracturing is beyond the purview of this study

Mechanical stratigraphy has been shown to have significant implications for scaling
(Gross et al.,, 1997; Wilkins and Gross, 2Q0Rpkage geometry(Soliva and
Benedicto, 2005)ault zone deformatiofFerrill and Morris, 2008and distribution of

faults within a particular rock un{iMorris et al., 2009)Moreover, the kinematics of

fault propagation is also impacted byaohanical stratigraphy by blocking fault tips
(Jackson et al., 2014; Rippon, 1984; Roche et al., 201&aSmnd Benedicto, 2005;
Wilkins and Gross, 2002Mechanical stratigraphy is considered here to cover a wide
range of conditions such as where there are bulk facies changes (e.g. shales to sands),
or as a function of time where evolving diageneticditons alter the mechanical

properties through cementation or through flux in geopressure (i.e. overpressure).

Mechanical stratigraphy as a function of changing lithology has been widsliytokl

around polygonal faultsin particular, in and around deemarine sand bodies.
Lonergan and CartwrigtfiL999)first described the influence of polygonal faults on a
deepwater sandstone reservairthe UK sector of the northern North Sea (Fig. 1.5).
This study showed that polygonal fault patterns can define and delineate the margins
of a deep marine channel where polygonal fault densities decrease. Moreover,
Lonergan and Cartwright (1999) also ribtkeat few faults from the Eocer@igocene
propagate through the sand body and that faults in a new tier above the channel aligned
orthogonally to the margins of the channel. This indicated that the presence of a sand
body precluded the presence of polygbfaults in the immediate vicinity. In contrast,
work by Mdller et al. (2004) and Stuevold et al. (20@8) the Ormen Lange dome

showed that some polygonal faults were active during the deposition of the Palaeocene
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Egga unit and were accomuauting small growth packages in their hanging walls.
This would suggest that the presence of sands is not a restricting feature on polygonal

growth, provided polygonal faults reach the seabed.

Analogue modelling byictor and Moretti, (2006gxamined the controls ofsand

body on a developing polygonal fault array. Victor and Moretti (2006) used a silicon
based substrate over which a mixtafesand and corundum powder waaced. The
channel was configured in both straight and meandering geometries and was filled
with corundum powder. The entire array was then tilted between 0° and 5°. The results
of this study showed that the presence of a channel does impact a developing
polygonal fault array in that the contrast between channel and substrate is the locus
for channébounding faults. In addition the extension of the array due to gravity also
created channel boudinage, formed by esitamal channeperpendicular faults that
compartmentalise the channel geometry. Although the results obtained by Victor and
Moretti (200) widely matched the geometries described by Lonergan and Cartwright
(1999), the method of the Victor and Moretti (2006) experiment did not represent
polygonal fault genesis mechanisms. The experiment examined the effect of fault
growth under gravitationanstabilities and is more akin to salt roller deformation than

1D consolidation/dewatering of polygonal faults. Therefore the impact of the
polygonal fault genesis mechanism where no or limited extension is implied

(Cartwright and Lonergan, 1996mains unquantified.

More recently a review by Cartwriglf2011) reexamined the impact of sandstone
bodies and showed an example of a polygonal fault array (Fig 14C in Cartwright,
2011), grading laterally into a channel, demarcated by a change in polygonal fault
pattern. The study also showed how polygonaltdabecome decoupled in the
presence of sands forming two stigrs where in the immediate vicinity efsand

body, and laterally recoupled where the sand body was not present. The impact of
mechanical stratigraphy arising from sand bodies was suggesbeddontrolled by

the stratigraphic position and relative thickness of the sand body. These results were
largely reiterated in a recent example Iackson et al. (2014which showed the
decoupling of a polygonal fault tier from the Malgy slope, Norwegian Margin. Using
well data, cores and two 3D seismic data cubes, Jackson(205B4) describe three
fault families The smallest is contained in reflections below the sand unit (Type 1),

an intermediate fault family, present above the sand unit (Type 2) and the largest fault
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family is present in the regions where the sand bodghgs out (Type 3) (Fig. 1.5).
From this, the study by Jacksenhal. (2014) concludes withsummary of the utility

of these sandstone/polygonal fault interactions in finding-a\egpr sand reservoirs

These are specific examples where fault propagadiwth geometry are actively
influenced by the presenoésands within otherwise fingrained successions. One of
the keyobservationghat can be drawn from the work bbnergan and Cartwright,
(1999); Stuevold et al. (2003); Mét et al. (2004); Victor and Moretti, (2006);
Cartwright, (2011) and Jackson et al., (20#s4)jhat the impact of a sand body is
dependent on the timing of fault propagation relative to the deposition of the sand
body. In the examples described by Ligs and Cartwright, (1999), Stuevold et al.
(2003) and Modller et al. (2004), the timing of fault growth is suggested to precede or
is synchronous with the deposition of the sand body, for at least some of the faults in
the array, resulting in a 1@rgani®d polygonal fault geometry as outlined by the
models of Victor and Moretti (2006) and observations by Cartwright (2011). However
in the examples from Jackson et al. (2014), polygonal fault growth is inferpegtto

date deposition of the sands and ressur a decoupling of the polygonal fault tiar

the vicinity of the array. This highlights the importance firstf/timing polygonal

fault growth and secondly, demonstrates the potential for a temporal control on
mechanical stratigraphy associated vtk facies changes.

Another aspect of mechanical stratigraphy, as suggested by Laubach et al. (2009), is
impact of changing diagenetic conditions through time. In the context of polygonal
faults, this is perhaps best viewed in the context of the interaction between silica
diagenesis and polygonal fault arrays. As previously described in sécBdn2and
sectionl.2.1.3 the silica diagenesiparticularly the conversion of opal (Biogeneic

silica) to opalCT (cristobalite/tridymite) has been suggested as a causative
mechanism for polygonal faulting by either fdiential compactior{Davies et al.,
2009)or thermally triggered compaction of siliceous sediméDesvies and Ireland,

2011) In addition to these studies that focus on initiation, a
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study by Neagu et al., (2010jneasured the strains generated from diagenetic
compaction. Neagu et al. (2010) studied the apparent flattening of polygonal fault
planes below an Opal A/CT boundary on the Gjallar Ridge and Ormen Lange dome,
on the Norwgian Margin. Inaddition to the reduction in dip at the Opal A/CT
boundary, the study by Neagu et(@010) also discovered a systematic reduction in
throw at the Opal A/CT boundary. An estimate of vertical compaction strain was
calculated from the change angle of the fault planes and compared with observed
compaction from nearby well data. This study concluded that the fault planes have
been compacted and flattened by the vertical compaction of siliceous sediments,
precipitated by an Opal A/CT reactidinont. This mechanism for fault plane
compaction relies heavily on the fault planes being present prior to the development
of an Opal A/CT reaction front. Whilst it is likely that the fault planes have been
compacted below the Opal A/CT, the widely obseérvrestriction in throw at the
reaction front also indicasa mechanical behaviour. Data collected from an onshore
example of an Opal A/CT boundary Ishii et al. (2011)suggests that the Opal A/ICT
reaction front is stronger than both f@pal A and Opal CT rich intervals, due to the
presence of both mineral phases within the reaction front. This increased strength
could account for the restriction of throw at the reaction front observed by Neagu et al
(2010). These examples summsa theeffectsof changing diagenetic conditions to
create polygonal faults (Davies et al., 2009; Davies and Ireland, 2011) and to modify
existing polygonal fault geometries and characteristics (Neagu et al., 2010, Ishii et al.,
2011).

Another potentially important control on mechanical stratigraphy is the development
of overpressure. Overpressure has been linked to polygonal fault gene$i (s8¢
however this interpretation has been the subject of some ddbates et al., 2000;
Cartwright et al., 2003; Goulty, 2008) study byBolton et al., (1998)highlighted

the importance of timing overpssures and permeability evolution, particularly in
sediments undergoing shear stress. Using physical testing of an artificial clay sample
(80% Kaolinite and 20% fine sand, mixed with distilled water), the tests defined by
Bolton et al. (1998) examined @hevolution of porosity and permeability during
uniaxial compression and overpressure. The testing revealed that the stress history of
asample plays a crucial role in not only governing the hydrological characteristics of

a clay rich sediment but also tre style of deformation. In sediments that are initially
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consolidated and then subject to increased fluid pressures form mode | fractures within
brittle shear zones, whereas sediments that are -godsolidated deform through
volume loss. The timingf polygonal fault growth and propagation relative to the
generation of overpressure could be important to constraining not only genesis but
also the process by which basal polygonal fault tips are retafdedview of
overpressure mechanisms I@ysborne and Swarbrick, (1998ighlights many
processes by which overpressure is generated, such asingreampressive stress
(through tectonics or disequilibirium compaction), increasing fluid volume change
(Hydrocarbon generation, thermal expansion and diagenesis) and fluid movement (via
processes such as buoyancy, osmosis and hydraulic head)nlikety to apply
ubiquitouslyin very shallow diagenetic settings at the regional scal&i(10° km?)

that polygonal faults can cover. This study is important as it highlights that many of
the mechanisms that have been proposed have a requirement for saharl
degree of influence from the local geothermal gradients. This highlights that there is a
potential disconnect between the influence of overpressureN(cel et al., 2003;
Watterson et al., 2000pand sh#ow initiation polygonal fault initiation (e.g.
Cartwright et al., 2004; Wattrus et al., 2003)

In summary, mechanical stratigraphy in polygonal fault arrays has been primarily
focussed towards the effects of bghain size changes from ulifee clays to sands.

It is important to note that the lateral extent of a given polygonal fault array is often
much larger than the coarse grained facies within a particular depositional system.
Therefore, studies on the impaxd bulk grain size changes are local effects when the
entire tier is consideredlVhat is lacking in the literature is a review into what, if any,
mechanical controls exist withincéay rich polygonal fault tiemnd in particular how
diagenesis in fingrained rocks and sediments can influence the position of fault tips,
the creation of suliers and the dimensions of fault families within a polygonal fault

array.

1.2.3 Interaction between polygonal faults and topographic features
In a recent revienCartwrigh (2011) outlined howperturbatiorpatterns in polygonal

fault tiers could be used to constrdhlre nucleation positionfgpolygonal faults
Cartwright (2011) proposed that in surveys where features such as turbidite channels

occur near the base of therfighen the presence/absence of a corresponding
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perturbation pattern could indicate the nucleation position, either within a perturbed

state of stress or away from a perturbed state of stress.

Perturbation patterns in joints and faults are characterisdeé\bations in orientation

from a Obackground stated to coincide wi
structure or feature. This observation for joints has been widely documented,
especially around faults (Dyer, 1988; Rawnsley et al, 1992; Rivas E9192). These
perturbations are heavily dependent on the relative timing of joint formation and the

fault activity (Peacock, 2001). Faults themselves can be regionally perturbed by crestal
architecture of sulsurface features such as salt diapirs (Roetaal, 1999; Davison

et al, 2000; and Stewart 2006).

Perturbation of polygonal faults has also been described around a number of features
including turbidite channeld_onergan and Cartwright, 1999, s&&.2.3, tectonic

faults (Hansen et al., 2004hydrothermal mound@ansen et al., 2005 see Chapter

5), pockmarksImbert, 2009; Andresen and Huuse, 2011; Ho et al., 28d8)salt
diapirs (Davison et al., 2000; Stewart, 2006; Carruthers et al., 20183 section

offers a short review of the key attributestwo previously used features thae
assaiated with perturbed polygonal fault patterns, pockmarks and hydrothermal

vents.

1.2.3.1 Pockmarks
A pockmark is defined as concave depression (King and MacLean, P@tBmarks

are sites of focussed fluid expulsion which create craters and depressionswthin t
sea or lake bottonfHovland et al., 2010, 2002)luid expulsion events are not
confined to a single phase as pockmarks can reactivate rapidly even after lengthy
periods of dormancfMoss et al., 2012Pockmarks have a variety of shapes and sizes
asdefined in Hovand et al (2002)

- Unit pockmarks: small scalell0Om across and 0.5m deep

- ONormal 6 pockmar ks: 10m to 700m in di i

- Elongate pockmarks: One axis is longer than its other axis, often found near
slopes and offshore current influenced area

- 6Eyedd pockmarks: A pock mark with a ¢
by coarser grained material, biological activity/debris or carbonates

- Pockmark o6strings: 06 Small unit pockmai
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- Complex pockmarks: Amalgamationsdveral pockmarks or highly clustered

normal pockmarks

Pockmarks have been widely described in a remob geological settingsiave been
found in association with gas seepage for hydrocarbon rese(Cailes et al., 2000;
Judd et al., 1994; Rise et al., 1988} can indicate a breaching of hydrocarbon sealing
lithologies (Cartwright et al., 2007)Pockmarks have also been found in association
with mixing of differing salinity water columngBussmann and Suess, 1998)
earthquake seismicifyHasiotis et al., 1996; Soter, 199€9ult lines(Gay et al., 2004)
buried submarine channgfSay et al., 2006a, 2006Bjd sediment slumg®ilcher

and Argent, 2007)Pockmark dimensions arenable, internal dips are low between

6° - 18° (Fader, 1991pand pockmark widths can vary from a few metres to a few
hundred metres acroéldovland et al., 2002Pockmarks generally have a life span
proportional with their size, unit pockmarks are thought to last a few decades before
drifting sediments along the sea floor infill them, whereas normal pockmarks are
thought to have a life span of a few thousardrg(Hovland et al., 2010)Iin areas
where sedimentation tes are much higher, pockmarks may be filled in much more
rapidly( i f i et al ., 2003)

Perturbations of polygonal faults have been previously documented around
pockmarks(Imbert, 2009; Andresen and Huuse, 20{Hig. 1.6). Imbert (2009)
reviewed subsurface sediment remobilization structures and classified them based on
how they interact with fluids expelled during compactiombert (2009) describdbe
top of a polygonal fault tier. The observations are focussed near to a salt diapir, where

pockmarks are partially enclosed by polygonal faults.

Andresen and Huuse, (2011) conductestudy in the Lower Congo basin and
examined the relative timing of fluid expulsion. Analysis of coherency slices revealed
a concentric pattern of faults around circular depressions. These depressions were
found to be stacks of pockmarks in close assiociavith polygonal faults systems
(PFS) in the upper sections of their survey. The key observation made by Andresen
and Huuse (2011) was that the stacked pockmarks are completely contained by
polygonal fault cells. Andresen and Huuse (2011) concludefibatolygonal faults
postdate the pockmarks. The concentric pattern of faults observed in
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Figure 1.4: (A) From Andresen and Huuse, (2011). A coherence slice showing the perturbation of polygonal faults byppetasarks and salt diapirs. (B) From Hansen ¢
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coherency was attributed to differential compaction across the pockmark causing

subtle stress perturbations that influenced the developing polygonal faults.

Both the work by Imbert (2009) and Andresen and Huud&l(Pdemonstrate that
polygonal faults and pockmarks are passively influenced by each other, in instances
with pockmarks above (Imbert, 2009) and within a tier (Andresen and Huuse, 2011).
The influence of pockmark at the base of tier has yet to be fuligribed and
represents an ideal case study to examine the nucleation position in polygonal fault

tiers.

1.2.3.2 Hydrothermal vents
A hydrothermal vent or hydrothermal moundaidome or cratelike structure that is

typically found in close association with a nearby sill or sill comgB&ll and
Butcher, 2002; Jamtveit et al., 2004; Planke et al., 2005; Svensen et al. N2OO&)Is

form in response to the high pressures generated by-Baptsd fluids from the
contact aureole of a sill or dyke. The rapid venting eséfluids forms an initial crater

and emplaces fluidized sediments from the conduit w@ksntveit et al., 2004)
Hydrothermal vents have been widely recognized in seismic(Bathand Butcher,

2002; Davies et al., 2002; Hansen et al., 2005; Planke et al., 2005; Hansen, 2006;
Rollet et al., 2012; Grove, 2012; Zhao et al., 2014; Magee et al., 28#4ih field
outcrops(Svensen et al., 2006; Moreau et al., 2012)

Hydrothermal vent dimensigrare larggbetween 0.5 km and 3.5 km wide, up to 640

m high and have flank dips ranging from 5° to 2&8e Hansen, 20CGhd references
therein) Vent composition is also highly variable with some seismic studies, field
studies and core data suggesting a largely sedimentary component of vent fill ranging
from muds, sands, pelagic oozes and methanogenic carb(atesen et al., 2003,
Jamtveit et al., 2004; Hansen et al., 2005; Hansen, 2006; Svensen et al., 2006; Moreau
et al., 2012) Other studies have postulated a volcanic/igneous source based on core
andseismic datgBell and Butcher, 2002; Davies et al., 2002; Grove, 2012; Rollet et
al., 2012; Zhao et al., 2014)

Hydrothermal ventings thought to be aontributor to global changes in the Permian
associated with the formatioof the Siberian Traps and numerous breccia pipes,
enabled greenhouse gases to es¢@pensen et al., 2009imilar observations have
been made to explain the Early Jurassic exbnctevents, associated with the
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formation of the Karoo Large Igneous Provir{&xensen et al., 200@nd the IETM
(Initial EoceneThermal Maximum) with igneous activity (including flood basalts and
sill emplacemat, see Chapter 6) during Late Palaeocene in theny and Mgre
basingSvensen et al., 2004)

Hydrothermal vents have more recently been used to demonstrate the fluid migration
pathways up normal fault plandsy examining the spatial link between vent
occurrences along a normal fa{NMtagee et al., 2015)n addition, hydrothermal vents
have been used to help intle timing between vents and polygonal faults based on
the presence of perturbed (radial) polygonal fault patterns in the immediate vicinity of
the vent(Hansen et al., 2005)

1.2.3.3 Further work on the perturbation of polygonal fault arrays by topographic
features.
From the preceding review of perturoat patterns and two commonly used

topographic features (pockmarks and hydrothermal vents), thepeimia faciecase

for using these structures to examine and define the nucleation position of polygonal
faults within a tier, consistent with the methamlyy suggested by Cartwright (2011).
Present research is limited to anecdotal observations (Hansen et al., 2005) or studies
that are within the middle (Andresen and Huuse, 2011) or top of the tier (Imbert,
2009). A detailed review of topographic featuretha base of tier and any associated
perturbation patterns, could clarify where polygonal faults nucleated in the tier and
potentially explicate when polygonal faults nucleatg., duringshallow or deep

burial?

1.3 Aims of the thesis
From the preceding restv, polygonal fault geometry, sedimentology and initiation

are widely documented from a variety of depositional and tectonic settiogsyer
there is at present, very little constraint as to the timing of polygonal fault growth
(during shallow or deep bial), spatial setting of polygonal fault initiation and growth

andhow faults are organised within polygonal fault tiers.
There are three concepts that this study will address,

- Can the interaction between polygonal faults and bathymetric features at the
base of a polygonal fault tier be an indicator for early initiation?
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- How do polygonal fault arrays grow? Is growth radial or is growth
asymmetrically skewed in a particular direction (i.e. upwards)?

- How are polygonal faults organised within a tier? Alldaults the same or
does length height or throw vary? What controls the variation and when does

the variation begin?

This study aims to examine, compare and contrast two polygonal fault arrays from
passive margins. One survey is located in the Mgrefdgdasin, Norwegian Margin

and another is from the Lower Congo basin, offshore Angola. These two case study
regions were selected as the tiers in the study area are both wedge shaped tiers, both
have features at the base of the polygonal fault peckmaks, Lower Congo Basin

and hydrothermal vent complexes, Norwegian Margin). dddition, there are
differences in the sediment thickness and ages of the polygonal fault hosting
sequences. The Norwegian Margin tier is much thicker (up to 1km thick) anihsonta
sediments of Eocene to Miocene age (see chapterhéyeas the tier in the Lower
Congo Basin is much thinner (up to 400m) and has sediments d?|Bigtocene age.
These two tiers enable comparative analysis of both shallow (young) and deeply

buried(mature) polygonal fault arrays.

1.4 Thesis structure

A brief overview of Chapters 2 to 8 is summarised here:
- Chapter 2: Methods

The methods section describes the processefataf acquisition,case study

selection, horizon picking, fault interpretation and fault measurement.
Chapter 3: Regional Geology

This ®ction inroduces théasin scale tectonic and stratigraphic setting of each

of the studied areas

- Chapter 4: The controls on the development of Master polygonal faults within
a single polygonal fault tier, Norwegian Margin.

Thischapter examines the organisation of faults within a-delleloped thick tier
of polygonal faults and describes the temparad spatial evolution of thiglaster

polygonal faults
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- Chapter 5: Polygonal faults in a wedge shaped tier, Lower Congo Basin

This chapter describes the impact of evolving sedimentary load on the
organisation of polygonal faults and how these observatelase to the temporal

and spatial evolution of the polygonal fault array.
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2.1 Introduction
This study relies on the identification and mapping of polygonal faults within a number

of 3D seismic data cubeShis section outlines the acquisition and processing of
seismic data and in particular examines how the processing of this data impacts the
quality of data. The second part of this chapter will examine the methods used to

interrogate the data and the liatibns of the methods used in the data chapters.

2.2 3D Seismic data
This thesis utilises 3D time migrated seismic data. Seismic data has been increasingly

used in geological exploration as it offers a previously unprecedented view into the
structure of the &th(see Cartwright and Huuse, 2005 for revieldwever, seismic

data is not a perfect expression of the subserfand is subject to a number of
limitations that are intrinsically linked to the acquisition and processing of the raw
seismic signal. Therefore, when using seismic data it is crucial to understand the data
acquisition in order to gain a better underdtag of the limitations of the dataset.

2.2.1 Data acquisition

Seismic data can be acquired on both terrestrial and marine environments. As the
datasets used in this thesis are marine surveys only marine acquisition techniques are
described further. Seismic datequisition is the input of a higgnergy pulse into the
subsurface and the detection and analysis of the reflected response from the
subsurface. In marine surveys the source of the survey is variable and can range from
devices that inject bubbles of &ir gun) or water (water gun) into the water column

to devices that use electricity to emit high frequency low energy acoustic pulses into
the water column. Generally, sources that use lower frequencies have better surface
penetration but lower resolutiomhe marine surveys often deploy a variety of airguns

of differing capacities in an array towed behind a survey vessel(s). These airguns are
calibrated to ensure a wide frequency spectrum, to achieve an impulsive (and
repeatable) input into the water coln and finally to remove any unwanted artefacts

from the source.

The energy pulse is then detected i n an
towed behind the survey vessel. The streamer may contain several hundred

hydrophones anextend for several kilometres behind the skig.(2.1). The
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Figure 2.1: A schematic diagram summarising the marine acquisition process.
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spacing of the hydrophones is carefully calibrated to eliminate any surface effects from
the source that ay interfere with the incoming seismic signal and hence boost the
signal to noise ratio of the survey. The survey vessel will move over a given area at
low speed (46 knots) Brown, 2004)in a set pattern. Inherent variatiomssurface
conditions create an acquisition footprint (see Chapter 7 for example) that indicates

the direction of travel that the survey ship undertook during acquisition.

2.2.2 Data processing

The reflection of wavelets by the subsurface is not a perfect. A single impulse source
will produce several waveforms {kaves, Swaves, Love waves and Rayleigh
waves). These waveforms arise from the interaction of elastic energy contained within
wave andsolid media in the subsurface. Seismic data utilises compressional waves,
most commonly, Rvaves (primary waves) asWaves are the fastest and are the first
recorded wave arrivgAshcroft, 2011) The motion of Rvaves through solid media
compresses particles in the direction of travel. Thus the velocity at whickaae
travels throughsolid media Yp) is proportional to the incompressibility (bulk

modulus k) of the geological media and inversely proportional to the den3itgd;

L. Q
wo —

Equation2.1

The reflection of pwaves in the subsurface is highly complex and becomes
increasingly attenuated the further from the receiver. As a reflection travels further
away from a source the travel time increases, this increasing travel time produces a
curve in taces that are collected. Additionally reflection ray paths can take a
convoluted route from source to receiver and can create false reflections, referred to
as a multiple. There is also the additional problem of background noise. Noise may be
the result 6the ships engines, the motion of the ship through the water, waves and
even wind can all be picked up on the hydrophones and inadvertently recorded
(Ashcroft, 2011) These artefacts obscure the incoming sigiad. €.2

The processing of seismic data is desi g

acoustic impulse energy and remove unwanted artefacts to produce a clean, precise
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reflection response that can be interpreted. The processing of data will employ a
number of steps. The pprocessing stage formats and packages the data ready for
processing by removing unwanted or low quality traces and also ensures all the data
is fitted to a single datum. Psgack deconvolution helps sharpen the seismic signal

The CMP processing stage is designed to stack the data by mathematically correcting
the data to a single point in the subsurface, known as a common midpoint gather,
(CMP). The ®IP gather averages out any noise and boosts the signal, increasing the
signal to noise ratio (SNRKearey et al., 2002)This stage also corrects for dip and
distance related artefacts (dip moveout, DMO and normal moveout, NMO) The
processing workflow is punctuated by iterative velpdinalysis throughout the
workflow that attempts to derive the best stacking velocity after each stage of

processing before finally stacking the traces.

The seismic signal is sharpened further using deconvolution after stacking, before
filters are appliedo remove unwanted frequencies from each stack and boost the SNR
ratio further. Migration is a complex process that is designed to place seismic events
in their true position. A discussion on the merits of migration algorithms is beyond the
scope of thi€hapter and readers are referred to Sheriff and Geldart, (1995) for further

information

2.2.3 Wavelet polarity, phase and seismic resolution

The reflection of acoustic waves generated during the surveying interact with the
seafloor, which are recorded as arpéitude response. The strength of the transmitted
energy produced by a rock/sediment layer is dependent on the both the physical
properties of the rock/sediment, such as density and also the speed at which the wave
front is moving. Therefore acoustic im@axte Al) is defined as

00”0
Equation2.2

Where} is density and/ is p-wave velocity. In general terms the more dense a rock
is, the higher the acoustic impedance contrad{esrey et al., 2002Related ¢ the

acoustic impedance is the reflection coefficient (RC);
YO 000 O

Equation2.3
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Figure 2.3: Schematic representation of the SEG (Society of Explor&ieophysicists) polarity
convention with examples from the datasets used in this thesis.
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Figure 2.4: Modified from Yimlaz (2001). A schematic workflow for the processing of seismic data and
the impact each stage has on the resultant seismic data.
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Where RC is the ratio between is the amplitude response of la&k) &rfd amplitude
response of layer 2A(1). The reflection coefficient is a numerical measure of the
impact a rock interface has on reflection strength. Reflection coefficient values of + 1
indicate that all the wave energy is reflected. Typical values for the reflection
coefficients of rocks are generally +O(Kearey et al., 2002)Therefore, a small
amount of incident energy is reflected back to the surface and the majority of the

energy transmitted into the rock.

During processing the amplitude response of the incident reflections is calibrated on a
colour scheme. The colour convention used in seismic data is a crucial aspect of the
data. The SEG colour convention is assigned during processing and defines how the
increasing acoustic impedance in the data is expreBgp®(3. There are two colour
conventions in use, the SEG Standard (also termed American polarity), which suggests
an increase in acoustic impedance is displayed as a colouredpedhe SEG reverse

(so called, European polarity) convention which shows increasing impedance as a
negative amplitude trouglFig. 2.3. The phase athe wavelet is also an important
consideration, and where the crest of the waveform lies in relation to a geologic
boundary. A zero phase wavelet (for either the American or European convention),
the wavelet is symmetrical and the crest of the peak oghrauil lie in the interface

of the interval with a different impedance contrast. Thus the zero phase dataset is the
most useful for the interpretation of seismic stratigraphy. The colour convention of the
seismic data used may be corroborated using tisengeresponse of the seabed.
Normally the seabed represents the transition from water to sediment which is an
increase in acoustic impedance contrast. Given that the colour conventions are
calibrated to an increase in acoustic impedance, the amplitysnsesthe seabed is

the logical place to check the colour convention uségl @.3.

Another important consideration prior to beginning interpretadinh fundamental to
understanding and interrogating the raw seismic data set, are the resolution limits.
Seismic resolution falls into vertical and lateral resolution. Vertical seismic resolution
can be calculated from basic knowledge of the dominant érexyuof the data. The

wavelength of the data is given by;

_ ora

Equation2.4
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WhereV is equal to the interval velocity an@is frequency of the seismic wave.
Typically beds less than one quarter of Wevelength can be resolved seismically
(Avseth et al., 2010; Brown, 2004)lowever it is also important to note thvatrtical
resolution is impacted by changes in interval velocity as well as the frequency of the
wavelet which attenuate with depth resulting in a decrease of vertical resolution with
increasing depth. Nonetheless, it is possible to image beds that atesthtbf the
dominant frequency, depending on the signal to noise ratio of the data as well as the
density and velocity characteristics of the embedded units (Brown, 2004). Horizontal
resolution in migrated 3D seismic data, as used in this thesigstristezsby the lateral
sampling of the data, which equates to the bin spacing between the CMP (common
midpoint). This spacing can typically be found in the header files for the data cube or
measured directly from the seismic data where the pixel widtméines) on a map

display corresponds to the bin spacing.

2.2.4 Geophysics of studied datasets

Both surveys used in this thesis use time migrated 3D seismic data. Due to the
confidential nature of the datasets, many of the SH®aders are blanked so detailed
processing workflows are unavailable. It is however, likely that surveys used followed
a very similar workflow that was presentedHrig. 2.4 Table2.1 summarises the key

geophysical characteristics of each survey area.

Table2.1: A summary of key geophysical characteristics of each survey used in this study

Modgunn Arch Survey  Angolan Margin Survey

Trace sampling* 4 ms 2ms
Interval velocity** 1800 ms 1700 ms
Frequency 35Hz 80 Hz
Lateral resolution 25m 6.25m
Vertical resolution ca.12m ca.4m
Time Migrated Yes Yes
SEG polarity*** Standard Standard

* SeeFigure 2.10
**Interval velocity within the polygonal fault tiers studied
*** See Figure 2.4
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2.3 Seismic mapping
2.3.1 Horizon picking methodology

Prior to mapping any reflections, a detailed desk study was undertaken to understand
the regional geology (see Chapter 3). The aim is to identify key reflectiarsas
regional unconformities and previously mapped and defined formation tops. Any well
data are then analysed and the formation tops in the well were related to the seismic
reflection characteristics. Only one survey (Modgunn Arch) has well contraheAs

raw data files were unavailable, no synthetic seismic data could be generated. Instead,
the data was matched to the seismic using the two formation boundaries, the Mid
Miocene unconformity which defines the junction between the Brygge and Kai
formations and the Plid’leistocene unconformity which defines junction between the
Kai and Naust formations. Once these data were matched to the seismic, the mapping

of reflections could proceed.

The selection of which reflections to map and the extent to whep dre mapped

was defined on the basis of the structural and stratigraphic context. Stratigraphic
reflections such as unconformities were regionally mapped across the entire survey
(where possible) and were the first reflections to be mapped (Fig. Zg). T
unconformities are picked as negative (soft) reflections. The West African survey had
very little information to guide the mapping process. Instead of using key stratigraphic
markers, initial mapping was focussed on the top, middle and base of theradlyg

fault tier, selecting the most prominent reflections. The horizons selected must also
cover the whole extent of the survey. The next stage was to pick and define a number
of horizons from within the polygonal fault tier (Fig. 2.5).The final step aizba
mapping was to locate and generate a series of smaller localised maps around isolated
topographic features at the base of the tier such as pockmarks, channels and tectonic

faults.

2.3.2 ASAP picking technique
The maps were created from an initial coarselggid with a line spacing of 40 lines

x 40 lines. This initial seed grid was then used as the basis for an ASAP (Automatic
Seismic Area Picker) algorithm to interpolate between the grid lines. The ASAP

algorithm tracks
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* Step 1 can be calibrated from well data where available

Figure 2.5: Schematic diagram detailing how seismic horizons are selected and mapped throughout the survey. In this example fagoenthé@idio Survey (Chapters 4
and 6), the first step maps seismic horizons thiah fthe formation boundaries, in this case defined by regional unconformities. The second step creates horizons through the
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polygonal fault tier to examine pattern change. The final step (step 3) examines the impact of topographic featureseatfthe palygonal fault tier.
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Raw Seismic picks

Grid spacing
40 x 40
(500 m x 500 m)

Data gaps
(QC fail, next ASAP iteration)

New Grid with tighter spacing

(250 m x 250 m) ReASAP (Advanced* 75%**)

Remove bad picks and re-grid

e
Repeat until Mis-picks are ¢

Figure 2.6: A diagram showing the picking methodology used for creating the seismic TWTT map of
the Plio-Pleistocene Unconformity from the Modgunn Arch (see Chapter 6).

*Refers to the ASAP picking algorithm ** Refers to the quality attribute, see text for details
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similar events within the seismic data from seed points (the raw seismic grid) to create
parent points (the interpolated data between thd).giihere are three tracking
techniques that have varying degrees of constraint. Simple tracking has no consistency
checks and traces are followed from point to p@thlumberger, 1999EFxtended

and Advanced use a 3x3 and 5x5 grid respectively to cross check both the child point
attributes (phase, amplitude, dip etc.) against seed points, as well as against other seed
pointsin the same grigSchlumberger, 1999The quality level parameter in the ASAP

also adjusts the criteria the algorithm usé&mwcomparing seed points to child points

and ultimately defines whether a child point is selected and mapped. Higher quality
values require a better the match between parent and seed points in terms of dip

(expressed as gradient, s/m) and amplitude.

Thissurvey used an iterative ASAP methodology where the algorithm was repeatedly
applied to same area, with the gird and ASAP output acting as a seed point for the next
iteration. The first ASAP pass was set to an advanced (5x5 search algorithm) and a
quality setting of 75% as it is the most rigorous. Each subsequent ASAP pass has the
quality attribute decreased by 20% until, the final quality parameter reached 15%,
where the search algorithm changed from advanced to extended and to simple. The
results from edt previous pass were used as the basis for next. The algorithms with
little or no constraint or lower quality attributes are interpolating between smaller and
smaller spaces. If the earlier passes are of sufficient quality and generate a good quality
surfece, subsequent passes with extended and simple algorithms may be skipped. In
instances where only a few small O6hol eséb
to seismic bins) across, then the Simple attribute may be substituted into the work flow
at an earlier stage. These maps were quality checked using time, time dip and
amplitude attribute maps to look for rpgcks Fig. 2.6. Mis-ties, areas fointerest,

and low quality signal areas weremapped using a smaller seed grids with a line
spacing of 20 x 20 to 10 x 1Bif. 2.6§. Each horizon is subsequently checked for mis
picks before a final attribute map is computed and used as the basis for structural

analysis (see Sectidhb)

2.4 Analytical technigues
2.4.1 The polygonal fault problem

Polygonal fault arrays, as discussed in Chapter 1, can have an extremely large spatial

extent (up to 2 x 1%km?) and can be easily mapped using a variety of attribute maps.
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The primary method#or fault detection used in this study are amplitude maps and
time-dip maps. Amplitude maps record the amplitude response of the mapped peak or
trough. Where the picked reflection crosses a fault, an anomalous low (or no)
amplitude is recorded. In timeipdnaps use an algorithm to calculate gradients within

the seismic data, expressed as a two way travel time per metre (s/m).

These attributes maps have been selected over others, such as coherency and ant
tracking as they are easily reproduced directiynfrmapping reflections and not the

data volume. This gives greater quality control on the map produced whilst still
allowing clear imaging of faults. Coherency volumes are highly susceptible to
producing artefacts as coherency does not image steeply glifgaitures in section

well and produces artefacts that are prone to misinterpretation. These artefacts have
been interpreted has evidence for dip linkage and evidence for high numbers of tiers
(seeLaurent et al., 2012; Seebeck et al., 2015)

Whilst polygonal faults can be detected regionally with relative ease, the next problem
faced is related to the large areal extent polygonal fault arrays occupy. Polygonal fault
arrays have extremely high numbers of faults within them. For example Block 17 has
upwards of 60,000 faults spread over 400°kifhe polygonal fault problem is thus

that with huge numbers of faults, spread over a very large area; how can case study

regions be defined?

More traditional statistical analyses such as selecting faults fronomamdimber

generation or by measurement of 1% of all faults present will leave large gaps in
measur ement c¢ov er afgldatagrends wihinicloudséof date ahe i n g
primary problem with polygonal fault arrays is their sensitivity to nearby tsiies

which locally alter fault characteristics. Equally, comparison and representation of
some fault attributes such as orientation in rose plots, do not consider the spatial
context, over which, the data is collected. In datasets with large fault nufabesy

extension, are spread over a large area}ralated trends can become mixed together
generating false data trends, or real dat

In this study, the approach taken was to pick areas that repagsanicular behaviour
or response from the polygonal fault array. The aim was to compare and contrast fault
attributes with areas where the fault behaviour no longer exists. Alternatively, small

case study areas wer e us atiibutepat gpamioplarat e a
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interval. The selection criteria for the case study areas is in part defined by the number
of faults present. The minimum requirement when selecting a case study area would
be to have a statistically significant number of faphssent throughout the tier, with

15 being the minimum number used throughout the results chapters. The case study
areas are then sized to capture the minimum number of faults. The dimensions of the
case study areas must match within a single survey famgarable result. The
dimensions of the case study areas are related to the seismic resolution of the survey,
which in turn defines how many faults are imaged. For example, the minimum case
study sample area in the Modgunn Arch survey area, where Veescdution is 8 m

and lateral resolution is 12.5 m, the case study area is 4rkoontrast, the Offshore
Angolan survey, which has lateral resolution of 6.25 m and vertical resolution of 3 m,

has a minimum case study size of 1.5km

In addition tothe dimensions of the case study areas, another important consideration

is how the case study areas are distributed across a survey area. The distribution of the
case study areas is suggested to be governed, in part, by the objectives of the study.
For exanple, Chapter 5 uses the wedge shaped geometry of the Offshore Angolan tier
to examine the effects of shallow burial on an incipient polygonal fault array. As such
the case study areas are distributed accordingly to capture fault characteristics at
particdar depth intervals of every 50 m burial, facilitated by four case study areas
distributed in a line across the wedge. Alternatively, in Chapter 4, which examines
changes in fault organisation and diagenesis, two case study areas are used to elucidate

theimpact of diagenesis on a single fault tier.

2.4.1.1 Fault displacement
Fault separation is divided into three components, a vertical component (throw) and a

horizontal component (heave). Dip displacement is the measurement of
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Figure 2.7: A schematic diagram showing how displacement measurements from seismic data are used
to create throw depth<#) plots. Fz plots are also the basis for displacembaight plots and plots of

tip gradients (upper and basal)
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displacement along the fault plane. One of the major components of fault
displacement considered through the thesis is throw mapping. Throw mapping can be
done in one of two ways, using a throlepth profile ({z plot) measured perpdicular

to the fault plane or an along strike throw profile. Both throw profiles-anuldts are

used to examine throw distribution within polygonal fault networks.

These profiles can be used to examine kinematic behaviours such as blind propagation
(Baudon and Cartwright, 2008a, 2008c; Childs et al., 20@8re faults radially
propagate from an initial nucleation point. Throepth plots have also been used to
identify areas of dip linkage where two blind fault tips pgaia together in the
subsurfacéCartwright et al., 1995; Mansfield and Cartwright, 2001, 1996; Nicol et
al., 1996; Stuevold et al., 2003; Walsh et al., 2088yitionally, tz plots can be used

to infer the kinematis of fault reactivatiorfBaudon and Cartwright, 2008kn all

these cases, the key identifying f@at is the location and position of displacement
maxima Dmay and minima Dmin) (Fig. 2.7). Blind fault propagation assumes that the
geologic media is homogenous. Heterogeneities such as lithology changes as
described in Chapter 1 can impede displacement accumulation by regfaciirtips
(Rippon, 1984)

Faults used in this study were detected using amplitude and time dip attribute maps.
For the analysis of faults botkztplots and throw profiles are used in this study. The
measurement ofz plots is done by taking a line of section at 90° to the fault trace.
Throw values were measured in TWT direct from the seismic data and were obtained
by measuring the vertical distance from the footwall to hanging waibftsit(Fig.

2.8). The throw values were depth converted using the intervatities for that
dataset Table 2.1). For tz plots this was done at the displacement maxiDwa
position. For the construction of throw profilesultiple tz profiles are measured
across a fault trace and then contoured using the Surfer 14 program using time built

kriging correlation algorithm.

The accuracy of throw measurement is equal to the trace sampling interval oathe dat
(Baudon and Cartwright, 200Ba he trace sampling limit may be measured directly
from the seismic data at a high level zoom and measuring the distance between sample

points, defined by changes in the gradient of the wavelet tFrage2(9
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Figure 2.8: A schematic diagram of different aspects of displacement measurement for faults with and
without drag folding and a seismic example showing the variability of displacement styles that can be
exhibited by a single polygonal fault.
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Trace sampling =2 ms

Figure 2.9: A high level zoom view of the seismic data from the Angolan Margin survey showing how
trace sampling limit can be measured from seismic data. The trace sampling can measured by firstly
identifying the sample points, evidenced lgrging gradients in the wavelet trace. Measuring between

the sample points of the wavelet trace gives the sample limit in TWT. The trace sampling limit defines
the lower limit of offset that can be measured from the seismic data.
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The tlace sampling limit also defines the minimum throw values that can be recorded
for the data. Trace sampling limits and interval velocities are recordEabie 2.1
Further sources of error arise from the presence of drag fold and differential
compaction across the faivalsh and Waerson, 1988; Mansfield and Cartwright,
1996; Cartwright et al., 1998pifferential compaction and drag folding are unlikely

to be a source of error foiztplots from the Angolan Margin as throws are very low
(<20 ms, 18 ms). However, the thromesorded from the Norwegian Margin are much
higher (up to 80 ms, 72 m) and drag folding can clearly be seen along some faults.
Where there is significant drag folding, the estimated position of the hanging wall cut

off is projected onto the fault planedmit the drag foldingKig. 2.9.

2.4.1.2 Fault tips and Fault tip gradients

Fault tips are regions of a fault that are highly susceptible to mechanical restriction
(McGrath and Davison, 1995; Wilkins and Gross, 2002; Soliva and Benedicto, 2005;
Morris et al., 2009Roche et al., 2013nd interaction with other faul{feacock and
Sanderson, 1991; Cartwrigat al., 1995; Dawers and Anders, 1995; Mansfield and
Cartwright, 1996; Kristensen et al., 2008; Stuevold et al., 2003; Soliva and Benedicto,
2004; Fossen et al., 2010 the case of lateral tips. In this study, fault tips,
particularly basal and upp&ult tip gradients are used in infer changes in mechanical
stratigraphy that could explain how tier boundaries form. This method builds on the
work of Baudon and Cartwright, (20080)ilkins and Gross, (2012) and Roche et al.
(2012) to infer both the mode of tip propagation (blind orsgdimentary) and the

presence or absence of mechanical bounddréould restrict fault growth.

Detection of fault tips in this study was conducted using a calibrateddipnmap,
where the steepest values of tidip have a particular colour attributed to them. This
allows for the differentiation between gentlyilded sections of the fault tip (fault
propagation folding) and the fault plane, which shows a seismically resolvable offset.

Colour coded time tip maps can be used to quickly assess regions of a fault with and
without offset. This is a powerful tool whidtelped define the seismic response of a
fault plane and fault propagation folding. These colour coded time dip maps were used
to differentiate between fault tip monoclines and fault planes. This is a crucial aspect
of defining polygonal fault geometry asc@rtaining where the limit polygonal fault
propagation, of both upper and lower tips is located, defines the hallmarkb taymet
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geometry of polygonal faults. In addition to colour coded time dip maps, fault tip folds
are defined by their geometry inismic data, A full review of tigine folds is beyond

the scope of this study, however for a review of physical, natural and seismic examples
of tip-line folds sedackson et al. (2@&). Fault tip folds were defined as gentle changes

in gradient overlying fault tips. In seismic these are manifested as folding that operates
over four traces or more. In contrast fault offsets usually occur over two traces.
Moreover, as polygonal faglhave a qualliptical geometry, any fault propagation
folding moves up sequence with the fault tip. These three criteria are used to

differentiate between fault offset and fault propagation folding.

Fault tip gradients are measured from the last sedalypiresolvable offset (see
2.5.1.7 to the last point at which the fault tip can be imaged. The gradient is therefore
the ratio between the lagtrow value and the distance to end of the fault. Fault tip
gradients are taken in large numbers (>50) and the presence or absence of a mechanical
boundary is inferred, not only from the values, but also from the distribution of those
values. Where valueseawidely distributed then fault tips are likely to benastricted

or seismically attenuated. Alternatively, where tip gradients fall in a narrow
distribution, then tip gradients can be used to infer a single mechanical unit or

mechanical restriction, gending on tip position.

2.4.1.3 Fault orientation and length

Fault orientation was analysed using amplitude and time dip seismic attribute maps.
The maps were generated from locally mapped interval2(8eg and the horizons

were analysed by hand. The measurement of rose diagrams was done by hand for two
reasons, firstly, due to the data loading and servarseithin the 3D Seismitab at

Cardiff the datasets were loaded into a Schlumberger Geoframe 4.042 which does not
have a fault analysis package and at the time these studies were undertaken, there were
very few Petrel machines available in the lab. Secondly, after testing oallarsah

volume in Petrel 2013, it was apparent that the data would require full fault modelling

to generate the plots. Given that a small case study area in the Offshore Angolan

survey had upwards of 200+ faults within an area of Zikmas.

a7



Database and Methods

1.

Low Gradient

High Gradient

e ‘Sectlon B Monocline has
Section A SectlonB ™ © =“moved up-dip of |

Clear offset of

No offset of mapped horizon

mapped horizon

Fault tip checklist

- ~ Faulttip | Gradient, E s 5
monocline ngh b St 1. Does the tip position correspond with
' bver four ) X high gradient values on a colour calibrated
| traced! ) time dip chart?
Upper tip positio

2. Does the fault propagation fold migrate
up-sequence?

Last
measurable
“ offset*

3. Does the change in gradient associated
with fault propagation fold operate over four
or more traces?

chani e seen
)L t‘VO
V) R L))

traces

Fault plane

Figure 2.10: Summary of the three criteria for used to identify and differentiate between fault
propagation folding and true fault offset. !. Colour coded time dip maps where high seismic gradients
are assigned a distinct colour value. Generally the steepest seef@rto fault offsets whereas lower
gradients can indicate tifine folds. 2. Imaging the changing position of fault propagation folds .3.
Differentiating between offset and propagation folding by examining the number of traces that have
been deformed. Fétupropagation folds are usually imaged over four or more reflections, whereas
offsets are imaged over two.
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decided that due to time constraints and the complexity of branchline linkage, the hand
method would be faster and less prone to follow-pii&s and data errors. Fault
orientation was measured using the British right hand rule, with fault length measured
at the same time, using the built in planimeter tool within Geoframe. Where faults
curved the faults were analysed in section to elucidate whbtheurve was the result

of linkage or a natural curve in the data. Where the curve was the product of a single
fault orientation was measured from tip to tip. Similarly care was taken to ensure that
co-linear faults were not mimterpreted as a singleuth. These data were formatted

into a data file and plotted using GEOrient structural analysis software. The rose
diagrams are set with a petal size presenting 5° and the petal size representing the
frequency of data that fits within that bin. Rose diagrérave been suggested to be a
problematic and an imperfect way of representing orientation data owing to the
arbitrary way in which bins are assigned. Alternative methods for displaying rose
diagrams such as MARD (moving average rose diagrams) as suggestadro and
Blenkinsop, (2012)nay give a better repsentation of the data by evaluating the
frequency of each bin and those either side of the bin. Whilst these results may be
useful for data with a single strike, the muagimuthal striking nature of polygonal
faults would give a false weighting of thatd and hence impart bias into the resultant

output.

2.4.1.4 Fault spacing

Polygonal fault spacing was analysed using fault frequency as a proxy for spacing.
Fault frequency is derived from selecting an area and counting all faults wholly
contained within that gzific region. This method is derived from the methodology
for measuring fault density frorhonergan et al., (1998Wwhereby fault density is
inferred from the total fault length per RnThe area in which the counting is done
must be carefully dected to encapsulate statistically significant data for all measure
horizons, with a minimum of 15 fault traces. The horizons used must also be able to
be regionally correlated within the tier and ideally, capture changes around important
stratigraphy bondaries, such as unconformities, diagenetic boundaries, sand intervals

etc.

The resultant counts are presented in a method akin to the plotting wdlties
whereby the t (throw) is replaced by the number of faults. This generates an indication

of the nunber of faults at a given depth. Fault frequency and has been used to aid in
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the definition of the polygonal fault tie(€arruthers et al.,®.3)and is applied in this

study at a higher resolution to elucidate the presence dfesglfCartwright, 1994)

Fault frequency is independent of pattern changes and is a crude proxy to thiyintens
of faulting in a particular area. There are a number of caveats to this method. The
counting method may under represent some polygonal fault numbers where there are
large numbers of faults on the periphery of the study area or where fault lengtlts excee
the dimensions of case study area. It can also be influenced by fault linkage where
unlinked tips may link higher or lower in the stratigraphy, reducing fault numbers and
giving an over estimation of fault numbers. Additionally, this measurement does not
have a spatial component which may indicate that the study area must achieve a
balance between capturing statistically significant data whilst ensuring that the area

doesnét cover too |l arge an area where <c¢h;

2.4.2 Stitistical analysis

Statistical analyses are used in Chapter 6 to distinguish differing populations of
features or faults. The statistical tests applied were initially to examine the normality

of the data distribution using an Andersbarling test where
. . P . _— - )
o] € ry ¢CQpl loC 1 1@ O

Equation2.5

The normality of the data was then used to inform the statistical correlation tests that
were undertaken. The preferred statistical testusednin s st udy was t he
rank (or Spearmandés rho) test.

‘ ¢BQ

NP EFE o
Equation2.6

Whered is the change in ranking between each samplenasdhe total number of

samples. This test is a ngarametric test that examines the change in rank between
data sets. Spear mandés r momadataandieselected d f ot
here as it is less sensitive to outliers in the data set.pTéed r values give an

indication of the closeness of the correlation and the degree of confidence respectively.

The degree of confidence was correlated using a table of r.
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3.1 Offshore Angola

The Lower Congo basin is a large salt basin located on the West African margin that

extends from offshore Cameroon to Namilideownfield and Charpentie006) The
study area in Chapters 4 and 5 are located on theslop@ position at water depths
of between 1000 m and 1500 m.

3.1.1 Basin Evolution

The Lower Congo Basin is one of several-balsins found along the West African
Margin, that in recent yearbiave been the focus of much study for hydrocarbon
prospectivity (see Brownfield and Charpentier, 2006 and Liu et al., 200Bgse
basins formed during the break up of Gondwana during the late Jurassic and early
CretaceousHig. 3.1.

The prerift stratigraphy is dominated by alluvial/aeolian quartz rich sandstones of the
Lucala Formation, deposited over Precambrian basement made of sheared and folded
metamorphic rocks and intrusive igneous ro@Rarwood, 1999; Brownfield and
Charpentier, 2006)

Initially broad dates for rifting were suggested for the opening of the rift between
South America and Africa. The rifting anddirbreakup of South America and Africa
began in the South Atlantic and moved progressively northwards during the Early
CretaceougMascle and Phillips1972; Larson and Ladd, 1973; Guiraud and Maurin,
1992; Uchupi, 1989; Binks and Fairhead, 1988) was dated to the Neocomanian
(144127 My). Three distinct rift phases have been identifietkémner et al. (1997)

and Karner and Driscoll (1999)The earliest rifting phase occurred during the
Berriasian to Hautervian epoch, the second occurred during Hautervain to late
Barremian and the latest rifting stage occurred during th&&temian to late Aptian

(Fig. 3.1). Each rifting phase is demarcated by a regional hinge zone with the earliest
rifting bound by the Eastern Hinge rm and the later extension delimited by the
Atlantic hinge zongKarner et al., 1997; Karner and Driscoll, 199B)e hinge zones
record the shifting of égnsion along the rift flanks. With the end of rifting coinciding
the emplacement of oceanic cry#tarner et al., 1997)Each rifting phase is
represented by a regional unconformity representing lrpaad uplift along the rift
hinge. Seismic expression of these units included divergent and rotated reflections

within asymmetrical half graberiKarner et al. 1997). The rifting events created a
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series of deep anoxic lacustrine basins dominated by shales siltstones and marls up to
1 km thick(Karner et al., 1997; Burwood, 1999; Brownfield and Charpentier, 2006)
(Fig..3.2). Many studies ascribe the tectonic setting of Loeme formation evaporites to
post rift thermal subsidengéludec and Jackson, 2002; Calassou and Moretti, 2003;
Tari et al.,, 2003; Brownfield and Charpemti 2006) The synrift sequence is
interpreted byKarner et al. (2003), Karner and Gamboa (208 vell as byHudec

and Jackson (2004p also include the salt. Karner et al. (2003) and Karner and
Gamboa, (2007) purport that hinges at the margins of the rift accommodate brittle
upper cust and ductile lower crust extension. At the centre of the rift, there is a gradual
transition from brittle to ductile deformation and accommodation of lithospheric
stretching without the requirement for pervasive normal faulting. This in turn locally
exposed the prsalt margins and helped form a widespread, shallow restricted basin,
in which up to 1 km of evaporites were deposited (Karner et al. 2003). Hudec and
Jackson (2004) also infer that the salt was bound by a structurally controlled distal
ramp, onsistent with the synft late hypothesis. The evaporites were not deposited
as a single massive salt body but were segregated into several smabesisisbby

the Mid Ocean Ridge and cite the evidence from magnetic anomalies, map
reconstruction, regiwal stratigraphy and hydrothermally altered potash deposits
within the salt (Hudec and Jackson, 2004).

The post rift thermal subsidence coupled with sea level rise established shallow marine
conditions during the MicCretaceous across the West African iarfrom Nigeria

to Angola(Eichenseer et al., 1999hese shallow marine conditions are typified by

an oolitic siliclastic lrrier system between 600 m and 1200 m in thickness
(Brownfield and Charpentier, 2006; Eichenseer et al., 188@). 3.2). Continued
thermal subsidence and sésvel rise during the Mid to Late Cretaceous and
Paleogene deposited thick accumulations of organic rich sfialesvood, 1999;
Coward et al., 1999; Holbourn et al., 1999; Valle et al., 2001; Broucke et al., 2004;
Brownfield and Charpentier, 2006]he Eocend®ligocene transition is demarcated

by a major erosional event that records a global drop wesea(McGinnis et al.,

1993; Seranne, 1999uring the OligeMiocene there is a westwards progradation of

a deltaic gstem, punctuated by sea level changek 81IMy). These changes forced
deep incision and erosion of the Zaire River, which was subsequently deposited in the

marine domain as a large turbiditic submarine (laroz etal., 1996; Lavier et al.,
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2001; Broucke et al., 2004; Gay et al., 2008y.. 3.2 These turbidites flowed into a

deep water basin, predominategmprised of deep marine shales (up to 3000 m thick)
and deposited stacked sequences of turbidite channels and debris flows up to 25m
thick (Anderson et al., 2000; Valle et al., 2001; Babonneau et al., 2004; Broucke et al.,
2004; Séranmand Anka, 2005; Brownfield and Charpentier, 2006; Anka et al., 2009;
Savoye et al., 2009)The position of the Miocene turbidite channels are strongly
controlled by either tectonic structures such as faulted (aftderson et al., 2000;
Broucke et al., 2004)r inherent sedimentary archotare such as leve¢Broucke et

al., 2004)and canyonéBabonneau et al., 20048 liocene to recent submarine deposits

are delivered to the abyssal plain the only sediment deposited is presently hemipelagic
muds(Monnier et al., 2014)

3.1.2 The structural evolution of the Lower Congo Basin

The Aptian age salt of the Lower Congo basin is the primary control on structures and
stratigraphy within the basin. There arenfstructural domains in the lower Congo
Basin as summarised @alassou and Moretti, (2008hd byFig. 3.3andFig. 3.4

1. A 100 km wide extensional domain dominated by salt rollers and large normal
faults.
2. A transitional domain with vertical diapirs betweeh B0 km wide.
3. A compressional domain with thrustsyerse faults and extensive folding up
to 200 km wide.
4. An external domain with no evidence of faulting overlying oceanic crust and
has Miocene to Recent age accumulations of sediment, up to 4 km thick.
These salt structures have been shbject of much study with Angolan margin
forming the type locality for raft tectonic€Duval et al.,, 1992; Lundin, 1992;
Spathopoulos, 1996; Cramend Jackson, 2000)Jsing crosssection restorations,
Hudec and Jackson, (200#ere able to identify three distingthases of basin
evolution and basement deformation. The earliest phase occurred in the Aptian and
Albian and is characterised by a differential seaward tilting of the basin that enabled
the early seaward extension. The seaward extension established gfrowfitres in
both the extensional and compressional domains. This uplift was very short lived and

ceased in the late Albian due to thinning of the salt. The second phase
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occurred in the late Cretaceous to Oligocene and uplifted the deep marine basin by
reactivating basement structur@&rner et al., 2003; Hudec and Jackson, 2G(4)

well as creating the large monocline proviri€eamezand Jackson, 2000} he final

phase of basin evolution is Miocene to recent uplift and seaward tilt of the basin. This
uplift began in the Mid Miocene and persists to the presenflLaengin, 1992; Hudec

and Jackson, 2004yith evidence of se#loor folding around some contractional
structuregBrun and Fort, 2004 Early interpretations of the causeMiocene uplift

have been attributed o the formation of a large plateau region, onshore Kwanza basin
(Lundin, 1992) Additional data from apatite fission track and analysis of regional
bi ostratigraphy shows a number of hiatus
Precambrian crato@ackson et al., 2005ndeed, the uplift was shown strongly

affect the landward rim of the basin and thus only affected the Inner Kwanza Basin
and onshore regior{sludec and Jackson, 2004; Jackson et al., 20@8)eover the
estimates of uplift vary spatially. Jackson et al. (2005) suggest uplifts of up to 150 m

in the north and more than 1000 m to the south of basin.

However more recently it has been suggedtat tenewed down dip migration and
contraction of the salt (Duval et al., 1992; Hudec and Jackson, 2004; Jackson et al.,
2005). The contraction of the salt was translated landward and initially forced the
migration and thrusting of the Angolan salt nappéd kter vertical welding of some
diapirs in the region due to buttressing of Miocene and Recent sediments at the toe of
the nappgHudec and Jackson, 2004he downslope motion of the salt is widely
attributed to gravity sliding/spreadiiffuval et al., 1992; Lundin, 1992; Anderson et

al., 2000;Hudec and Jackson, 2002; Valle et al., 2001; Tari et al., 2003; Hudec and
Jackson, 2004)

3.1.3 Occurrences of polygonal faults on the West African margin

Polygonal faults have been previously reported in several studies on the West African
margin(Cartwright and Dewhurst, 1998; Cramez and Jackson, 2000; Gay et al., 2004,
2006; Andresen and Huuse, 2011; Ho et al., 2012; Monnadr, 2014)Fig. 3.3. All

of the studies noted polygonal faults in the Tertiary of the Namibian and Orange basin
(Cartwright and Dewhurst, 199&jurther north, polygonal faults have been found in
the Neogene of the Lower Congo and Gabon bg€§inamez and Jackson, 2000)
Upper Miocene to Lower Quaternary of the Lower Congo Basin, North of the Zaire
Canyon (Gay et al., 2004, 200&nd the PliePliestocene of the Low&ongo Basin,
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south of Zaire CanyofAndresenand Huuse, 2011; Ho et al., 2012; Monnier et al.,
2014) All polygonal faults previously described in the literature are found in
formations that are clay rich sequences and have upper tips in close proximity to the

seabed.
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3.2 Norwegian Margin
This section examines the geological history of the Norwegian Margin. The

Norwegian Margin is located between 62°N and 69°N offshore of northwestern
Norway (Fig. 3.9, in water depths of up to 1800 m. There are two major basins on the
Norwegian Margin, the Vgring Basin, located between the Bivrost fracture zone to the
northeast and the Jan Mayen fracture zone to the soutfiwestin and Doré, 1997)

The second basin is the Mgre basin bound to the nosthwehe Jan Mayen fracture
zone and has the southeastern boundary demarcated by the SRatkmnd
Escarpmen{Lundin and Doré, 1997)The survey used in this study is located on
southern tip of the Modgunn Arch, a Cenozoic inversion structure, located between
both the Vagring and Mgre basins, over the Jan Mayen FractnedBlystad et al.,
1995)

3.2.1 Structural evolution of the Vgring and Mgre basins

3.2.1.1 Pre-rift Architecture: Caledonian Orogeny

The Caledonian Orogeny spanned from Late Cambrian to Silurian, during the
consolidation of several smaller plates (Baltica, Avalonia and Laurentia) to form
Laurussia (Euramericg)iegler, 1988; Roberts, 2003jore recentlyfour distinct
tectonic events within the Caledonian Orogeny have been recognised and summarised
in Roberts (2003). The oldest tectonic event, The Finnmarkian Event, involved the
accreation of Baltica and an unnamed magmatic island arc. The next Caled@mgn

the Trondheim event, involved the obduction of a mmpatinent against the Baltica
continent. Subsequent tectonic events (Taconian and Scandian events respectively)
initially involved the remote expression of thermotectonic events, in the form of
islandarc accretion along the Laurentian Margin and later involved the subduction of
the Baltican Margin beneath the Laurentia plate. The final and latest phase is the
Solundian phase which is the Mid to Late Devonian -posgenic collapse which
createca change in tectonic regimes from compressional to extensional tectonics. The
extensional tectonic domain is evidenced with the development of basal shear zones
and half grabens infilled by continental alluvial sedimentat{dregler, 1988;
Andersen and Jamveit, 1990; Andersen et al., 1994; Folkestad and Steel, 2001)
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Figure 3.5: Tectonic map of the Vgring and Mgre basins on the Norwegian Margin summarising the
location of major structures as well as the distribution of polygonal faults in the region. For line of
section se&ig. 3.7

62



Regional Geology

Mare Vering | Rifting
Basin Basin Events
Quat W g] |w E
o Naust (= Naust
0 q
Z | kai
-
) o~
q 5
o -
i ST =ﬁ§
1
o)
g ;:I:\go* Csimlent ;
8| - = Qo
© Langebarn QJ -5
e S e 3
O _ Gheng g
.,-i)l.-yr
O :
)
8 ot
5 T o Tl
b | Tilje -o
w
@)
© [5 =
A - == O
S =
B =
=
& (@)
© —_
e[~ »
[¢)] ? <
o -
]
@ A
o —
qﬂ;) h
=
o
£
©

]
[T
]
=
[ ]
=
[ ]
[ ]
[.~]
|
]
]
[==]
[a4]
L]
[T ]
[ ]
AR
&=
=

Key

Humid terrestrial shales
Arid terrestrial shales
Lacustrine

Shallow marine sst
Deep marine sst

Chalk carbonate
Marine shales and mudstones
Tuff

Conglomerate
Sandstone

Siltstone

Shale

Organic rich

Coal layers

Chert

Marl

Limestone / chalk
Dolomite

Extrusives

Intrusives

Rock salt

Anhydrite / gypsum
Reef build-ups

Base of slope fans
Channel fan systems
Channel fills

Aeolian dunes

Hiatus

Unconformity

Metamorphic basement
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3.2.1.2 Synrift basins

Three distinct phases of early, gmeakup rifting have been recognised on the
Norwegian Margin during the Mid Carboniferous, CarboniferBasmian and Permo
Triassic(Ziegler, 1988; Brekke et al., 200Ijhe structure of the rift was dominated
by N-S and NESW trending norral faults with NWSE transfer fault§Lundin and
Dore, 1997; Doré et al., 1999; Brekke, 2Q0)e overallCarboniferous stratigraphic
succession on the Norwegian Margin records the evolution of a rift dominated
sedimentary system with alluvial and fluxdeltaic systems, draining into two palaeo
seaways to the southwest and northeast of the Norwegian MBrgkke et al., 2001

and references therein)

The Early Permian on the Norwegian Margin is a continuation of the terrestrial
sedimentation seen in the Carboniferous. CarbonifdP@usnian rifting initiated due

to the mset of an BN transtension/extension that reactivated {$& basement
structures (Brekke et al., 200Bjig. 3.5

The Permerriassic rifting and crual extension was driven by thermal subsidence of
the margin and almost exclusively accommodated along a series of boundary faults
orientated NNE to NNW. Thermal subsidence is also coupled with uplift along the
Norwegian mainland. The sedimentation is pradately terrestrial alluidluvial
deposits with minor marine incursions (Brekke, 2001). Many of the Palaeozoic and
early Mesozoic syn rift deposits and structures are preserved on the Trgndelag
Platform (Blystad et al., 1995; Brekke, Q0; Brekke et al., 2001; Sommaruga and
Boe, 2002)Fig. 3.5 Fig. 3.6

3.2.1.3 Formation of Vgring and Mgre Basins: Rift to Drift

The Vagring and Mgre basins are large basins which comprise grabens, deep basins
and structural highs that formed during the Mid/Late Jurassic to Early Cretaceous
crustal strething and thinningBlystad et al., 1995)The development of the Vgring

and Mgre basins show strong contrasts. The Vgring Basin developed over several
phases of faultingthe earliest of which occurred in the Latkd Jurassic to Early
Cretaceoug¢Brekke, 2000; Gémez et al., 2004; Skogseid et al., 2@09) 3.8. The

earliest faulting along the Fles fault complex created a number of smalldrasuis

and structures. These include the Ras and Traena basins to the East and the Vigrid and
Nagrind syclines to the west (Blystad et al., 1995; Brekke, 2000). During the mid
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Creaceous these stiasins were overprinted by thermal subsidence and were thus
incorporated into the larger Vgring baskig. 3.7. Late Jurassic tdcarly Cretaceous
rifting is the main phase of deformation in the Mgre basin. The early rifting phase
comprise of landward dipping fault blocks, many of which had very high throws of
2.5 km or more (Brekke, 2000). Many of these tilted fault blocks formei@ient
highs within the basinFg. 3.7).

The Mid to late Cretaceous of the Varing and Mgre basins formed large basins as the
result of crustal downarping as very little evidence for faulting can be seen in the
basin (Blystad et al., 1995; Brekke, 2000). This is coupled with the rise of the margins
of both the Vgring and Mgre basins, evidenced by thinning and onlapping Cretaceous
sediment (Brekke, 2@) (Fig. 3.7. This regime of passive subsidence continued in
the Mgre basin until the early Palaeogene. In contrast the Vgring Margin underwent
significant folding and uplift during the late Cretaceous due to tectonic invei3ag

et al., 1999; Brekke, 2000; Skogseid et al., 2008 primary locus for foldg in the

Vgring basin was the Fles fault system that was reactivated and forms the core of a
faulted antiform Fig. 3.7). In the northern sector ofi¢ Varing basin, the Nyk and
Utgard highs define three large synclinal folds (Brekke, 2000). These folding events
formed in the latest Cretaceous as the folding of the Upper cretaceous units becomes
progressively more open in the North of the Basin andidinnern most anticlines of

the Utgard and Nyk highs show no onlaps with Cretaceous strata. The flexure of the
crust in the Varing Basin and passive subsidence of Mgre basins created deep marine
basins into which thick shales up to 8km thick accumulatechave been the subject

of much exploration for their potential to generate hydrocarfBrekke et al., 1999;
Brekke, 2000; Skogseid et al., 2000; Brekke et @012 In addition there are
localised occurrences of thick (up to 1 km) of sandy turbidites sourced from the
emergent platform areas and transported along$BMineaments (Brekke et al.,
2001) Fig. 3.8.

The Palaeogene of both the Vgring and Mgre basin records the continued uplift of the
Cretaceous basins and is punctuated by a flat to weakly folded unconformity at the
base of the Palaeogene (Bkek2000). The early Palaeogene in both the Mgre and
Vgring basins is significant as it marks the rifting and significant igneous activity
arising from a mantle plumes under the thinned lithospligdbolm et al., 1989; Doré

et al., 1999; Breke, 2000; Planke et al., 2000; Berndt et al., 2001; Planke et al., 2005)
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(Fig. 3.5 Fig. 3.7. In the Varing and Mgre basins, there is evidence chsuial lava

flows on the Vgring escarpment as well as the F&teetland escarpment at the edges

of the Varing and Mgre basins respectively. Witlhia basins themselves the igneous
activity and synchronous with the extrusive volcanics on the northwestern basin
margins, there is widespread emplacement of sills into the Cretaceous basin fill on the
northwestern side of both basihsthe Mgre Basirsill emplacement was constrained

by the MgreTrgndelag fault system with deepest sills being found to the east of the
basin and become shallower, stepping through stratigrdgreikke, 2000) Faulting

and deformation associated with the continental bugakf Greenland and Norway
was focused on the margins of the basins, in particular the Gjallar [Bdgleke,

2000; Gernigon et al., 2003, 200®Palaeocene sedimentatias deposited during a
period of rifting and uplift of the FenrBcandian shield, creating laadlow basin with

a stratified water colum(Brekke et al., 2001; Brunstad et al., 2008)ich deposited
marine clays with minor sandstones and siltst¢De#land et al., 1995; Brekleat al.,

2001) (Fig. 3.8. The brealup of Norway from Greenland deposited thick flood
basalts along the Varing Escarpment and Gjallar ridge dretdi® south, magmatism

and igneous activity is expressed in deposits of tuffaceous (@ajland et al., 1995;
Brekke, 2000; Brunstad et al., 2008)med from the deposition of volcanic ash in the

restricteddeep basingHig. 3.9.

3.2.2 Post rift sedimentation and tectonic inversion

Post rift, the Norwegian margin was subjected to inversion, caused by a andmge i
plate motion(Lundin and Doré, 2002)This change in plate motion created large
domes and elongated antiforms such as the Hellan Hansen and Modgunfigurch (
3.7). The inversion related domes helped to constrain the position of contourite
deposits within the shelf environméBiryn et al., 2005; Eidvin et al., 2007; Hjelstuen

et al., 2004)

The Brygge érmationwas deposited from Early Eocene to Early Miocene (¢. 55
18Ma)Chand et al., 2011;iévin et al., 2007)The Brygge formation represents one

of the major tectonstratigraphic elements of the Norwegian margin. The oldest
sediments of the Brygge formation are terrigenous in origin and are continental shelf

deposits that were depositedgp to the opening of the Greenlantlorway and
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Greenland Scotland seaways (Chand et al., 2011; Eldholm et al., 1989; Thiede and
Myhre, 1996). The opening of these seaways coupled with subsidedcflooding
deposited a succession of hemipelagic oozes composed of biosiliceous clays and muds
(Fig. 3.9. This unconformity coincides with the agivation and growth of the
Modgunn and Hellan Hansen archi@&ekke, 2000) The timing of activation and
cessation of uplift is not clearly defined as doming has been observed to aféect Lat
Miocene age sedimen{igseth and Henriksen, 2005)he Kai formation is Early
Miocene to Late Pliocene in age and is primarily composed of hemipelagic calcareous
and siliceous oozes that form large contourite d(Btyn et al., 2005; Eidvin et al.,
2007; Helstuen et al., 2004)Fig. 3.6. The contourite drifts form around incipient
highs and reflect the establishment of oceanic currents within vedogeng sea way
between Norway and Greenland.

The upper most formation in the region is the Naust formation. The Naust formation
is a late Pliocene early Pleistocene succession of ghaarme sediments (muds, ice
rafted debris and debris flows), depediin a wedge geometf8wiecicki et al., 1998)

The Naust formation is influenced by contour currents as well as glaciogenic debris
flows resulting in an interlayering of the two dep®svithin the basin(Blnz et al.,
2003) The survey area studied is located on the narthigle wall of the Storegga
slide, a large submarine landslide that transported 3480@ksediment up to 800 km

NW of Norway into the abyssal plain, and occurred 8.2k(Bianz et al., 2003;
Haflidason et al., 2004; Kvalstad et al., 200B)e Storegga slide affected an area of
95,000 kmd and is made of up to multiple slide lobe evejitaflidason et al., 2004;
Solheim et al., 2005)Fig. 3.5. The main unit of failure was the Brygge formation
(Bryn et al., 2005which was exposed in the sidewalls, headwalls and in the glide
plane. The aase of the slope failure has been ascribed to a variety of factors including
the inherent mechanical weakness of the lithology which consists of thick
accumulations of oozes and clays, fault reactivation as a function of isostatic loading
due to ice flux ad the presence of erosional troughs formed by ice streams that further
compounded intrinsic sediment instabilities by differentially loading the mechanically

weak, gently sloping sediments.

3.2.3 Distribution of polygonal faults on the Norwegian Margin

The poygonal faults have been widely reported on the Norwegian MaFgin3.5).

Polygonal faults were first reported on the Norwegian MargirHglstuen etal.,
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(1997)who noted arrays of small offset polygonal faults around the Vema Dome.
Later studies byBerndt et al. (2003) and Stuevold et al. (200@scribe more
polygonal faults on the Wre and Vgring basins. Stuevold et al. (2003) describe
polygonal faults in the Upper Cretaceous and Palaeocene sequence around the Ormen
Lange dome and examines ithenpact on fluid flow in area. Berndt et al. (2003)
describe a wide spread polygonal fault network in the Miocene (Kai formation) that is

present in the Mre and Varing basins
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4 The controls on the development of Master
polygonal faults within a single polygonal
fault tier

Abstract

Polygonal fault systems are complex features within the subsurface, not least, because of the diversity
of patterns that have been described from tiers in a wide variety of depositional settings and basins
globally. One of the key features of polygonallfaaystems is the tier, which aptly describes the
tendency of polygonal faults to form within specific packages or formations with -grfane size.

Within a single polygonal fault tier, fault dimensions vary significantly with the largest polygonal fault
being termed Master polygonal faults (Cartwright, 2011). The controls on the development of Master
polygonal faults and polygonal fault organisation is at present, poorly understood.

This study examines a tier from the Modgunn Arch, Norwegian Margis.tiEn shows a small number

of very large polygonal faults with trace lengths of >900 m and fault heights of > 600 m. These faults
are the largest in the tier and are defined, in this study, as Master polygonal faults. This study presents
two case studiesf Master polygonal faults from a single polygonal fault tier; one case study focusses
on an area where fault traces show a high degree of connectivity, whereas a second case study examines
an area where fault traces show a low degree of connectivity.chlapter suggests that faults in the

two study areas show subtle differences in throw character and tier organisation. This study suggests
that Master polygonal faulting is a product of the number branchline intersections, preferred orientation
and faultdimensions. In areas of a tier where the polygonal fault array has a high degree of connectivity,
Master polygonal faults can develop through preferential alignment to regional stresses. In areas where
polygonal fault connectivity is low, Master polygorallts develop from the largest polygonal faults
which preferentially accrue the greatest strain. This study demonstrates that there are multiple pathways
in which polygonal faults can continue propagating and outpace surrounding faults in a single.network
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4.1 Introduction

Polygonal fault tiers are partitioned into a package of offset reflections with a clear
upper and lower boundary. Several tiers may be present within a fine grained sequence
and are usually confined within discrete stratigraphic interuaisally at or between
formation topqCartwright, 2011; Cartwright andonergan, 1996; Gay et al., 2004;
Hansen et al., 2004; Lonergan and Cartwright, 1999; Watterson et al., Be§ond

the individual tier boundaries, seismic reflections ar@eformed(Carruthers et al.,
2013; Catwright, 2011; Cartwright and Lonergan, 1996; Dewhurst et al., 1999)
Changes in fault frequency and orientation within polygonal fault tiers, both vertically
and laterally, have been attributed to the presence of sand rich ch@emderight,

2011; Lonergan and Cartwright, 1996May to limestone transitional chang€stanin

et al., 2012)and changesn clay mineralogy(Cartwright and Dewhurst, 1998;
Dewhurst et a).1999)

Description of upper and lower tier boundary zones, and in particular, their controls,
have been largely overlooked in previous studies of polygonal faults. Lithological
variation has been suggested to be a major control on tier boundadkson et al.,
(2014) and Cartwright (2011) demonstrated that polygonal faets can become
decoupled in the presence of sands within the polygonal fault tier, with Cartwright
(2011) describing each decoupled fault set as a sub tier. However, other studies have
shown that polygonal faults are able to propagate through sandtectais(Moller

et al, 2004) where polygonal fault activity is synchronous with channel deposition,
polygonal faults can help constrain the position of the sand foolyergan and
Cartwright, 1999; Moller et al., 2004 his would suggest that where sands are
unconsolidated and diagenetically immature, polygonal faults are able to propagate
through sang lithologies. In contrast, where sands have undergone some burial, as
seen in the schematic diagrams presented in Jackson et al. (2014), polygonal fault
growth is terminated. Therefore, the efficiency of lithology based tier boundaries is
strongly influerted by the timing relationship between polygonal fault formation and
the sandstone body. Furthermore, due to the potentially vast areal extent of polygonal
fault arrays (up to 10km? in areal coverageQartwright, 2011)any sand body is

likely to represent a very localised barrier to polygonal fault growth, when such
barriers are considered in the context of the whole tier. In cases Wieze are no

sandstone bodies, fault tips have been shown to be constrained by a change in the

72



The controls on the development of Master polygonal faults within a single polygonal fault tier

rheological state of muds and clays. In an example from onshore Australia, the basal
tips of a polygonal fault tier are constrained by a low velocity, low @ngd zone,
attributed to an undezompacted mudstor§8licol et al., 2003; Watterson et al., 2000)
These tier boundaries represent localised barriers to fault growth, and as such, these
mechanisms cannot fully ament for the formation of Master polygonal faults within

a single tier, especially where such features are absent.

Whilst there are many descriptions of polygonal fault arrays and the interaction
between polygonal faults and changing lithologies, theee smme fundamental
guestions regarding the internal organisation of faults within a polygonal fault tier, in
particular, how and why these organisational changes occur in predominantly fine
grained tiers. Many studies have described a loose hierarcily #f and 3 order

of faulting (Gay et al., 2004; Laurent et al., 2012; Ostaatial., 2012; Seebeck et al.,
2015)whilst others have given more formal terms for fault organisation by defining

the largest faults in the tier as Master fa@@srtwright, 2011) Other studies have
anecdotally suggested the presence oftmib (Cartwright, 1994band the presence

o f 0-Bphtengd geomet rralefaults,ocbnstraimeé byl larger pol y
polygonal faultLonergan et al., 1998Whilst many studies define polygonal fault
arrays and note a | oose O6hierarchyd of f
to reconcile the impact that the orgsation hierarchies have on the evolution of

polygonal fault tiers.

This study uses a large, wathaged survey on the eastern flank of the Modgunn Arch
and associated well data. This survey was chosen as it shows a clearly imaged Opal
A/CT boundary acrosthe area, indicating the presence of a-fin@ined siliceous
ooze(Neagu et al., 2010a, 2010Bhis study uses two 64 Kmase study areas within

a single polygonal fault tier on the eastern flank of the Modgunn Arch. The overall
research objective is to understand how Master polggfaults are organised within

a tier, and define the controls on Master polygonal fault propagation. This study
undertakes simple but high resolution analysis on fault throw, orientation, and fault
frequency within each case study area at differenttigiaphic intervals. By
comparing the results of two case study areas, it is postulated that any differences in

the organisation of polygonal faults within a single tier should become apparent.
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4.2 Regional seismic stratigraphy
Well 6403 6/1 intersects the sely on the southern tip of the Modgunn Arch and

details a number of formations that allow lithological calibration of the seismic data.
The analysis of the well is focussed on formations that host the polygonal fault array.
Formations that are untouched kye polygonal fault tier studied here are not

described.

4.2.1 Rogaland Group (H1#9)
The Rogaland Group has a low gamma response, which gradually increases in the

upper third of the formation where it is capped by a peak in the gamma log. The
changes in gammare reciprocated in the density and sonic velocity in this interval,

which also decrease in the upper third of the formation. This unit is interpreted to be
a mix of mafic derived tuffs which have a low gamma response (Rider, 2002) with

increasing shaleontent up sequence.

The Rogaland Group has variable thickness, in the szagh the upper reflection
package of the Rogaland Group is up to 175 ms (ca.160 m) thick and thickens over
the crest of the Modgunn Arcliif. 4.1). To the North of the survey, the Rogaland
Group reflection package thins to 50 ms (ca. 45 m). The top of the Rogaland Group
package consists of three, medium frequency and low to mediupiitue,
continuous reflections. These reflections gradually become less frequent and thin to
the east and south east of the survey &ep4.1).

4.2.2 Brygge Fm. (HH4)
The base of the package is defined by a prominent high amplitude reflection of H9.

This reflection package is a large lens of sediment that thins to the west, south and
north of the survey area over the Modgunn Af€ly.(4.1). The unit is characterised

by medium to high amplitude, continuous, coherent reflections up to 700 ms (630 m)
in thickness to the east. Pethggical analysis of this interval shows a low density,
low gamma interval with no appreciable drop in sonic velocity. A thin peak in the
gamma ray response at 1920 m MD is suggestive of an unconformity (Rider, 2002).
Above the unconformity, there is an ierase in the gamma response. This is
interpreted as the position for the Mid Miocene unconformity (MMU) (H4) and the
junction between the Kai and Brygge Formations. The peak in both sonic and density
(Fig. 4.1)around 1960 m MD is caused by an Opal A/CT transition bour(tieggu

et al., 2010a)Opal A/CT boundaries have been widelyrepofteth the Norwegian
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margin as well as the Far&hetland Channel®avies and Cartwright, 2007, 2002;
Davies et al., 2009a; Ireland et al., 2011, 2010; Neagu et al., 2010a, .207aib)

A/CT reactons are transient features within the sedimentary record, controlled
primarily by temperature and time (as a proxy for burial), but also by pH and clay
content (Davies and Cartwright, 2002; Meadows and Davies, 2007; Neagu et al.,
2010a). The Opal A/CT boudary is a discordant high amplitude reflection
characterised as a peak (see Chapter 2) and is indicative of an increase in impedance
contrast. The Opal A/CT reflection is evidenced at a regional scale as a convex
reflection that cuts discordantly acrosdlaetions at the survey edges, and is

concordant with seismic reflections near the centre of the survey (see Fig. 4.1).

4.2.3 Kai Formation(H4-H1)
The Kai Formation developed over the entire survey area and is of variable thickness

ranging from ca. 200 m ovédre Modgunn Arch to up to 600 m in the east of the survey
area. The base and top of the package are defined by unconformities, with the Mid
Miocene unconformity at the base (H4) and the-Plmistocene unconformity (PPU)

at the top (H1) which truncatesflextions to the east of the Modgunn Arch. The
reflection package contains a mixture of high to medium amplitude continuous
reflections Fig. 4.1, Fig. 4.2). The well response of the Kai Formation shows a broadly
homogenous gamma, density and sonic response. The gamma response is higher than
the Brygge Formation suggesting that the Kai Formation has a greater proportion of

clay.

4.3 Fault populations of the Modgunn Arch region

The polygonal fault tier is contained within the Brygge and Kai Formations to the east
of the Modgunn ArchThe tier is broadly wedge shaped and thickens to c. 1 km in the
east of the survey. To the west of the survey area, the polygonal fault array laterally
dies out. Near the crest of the Modgunn Arch, the polygonal fault array is replaced by
a new set of fats that lie above the crest of the Modgunn Arely(4.3). The faults

over the crest of the Modgunn Arch are aligned 1S®/ parallel to the crest and
segregated from the polygonal fault array by a c. 3 km wide transition zone and are
termed crestal faults. This study focusses on the polygonal fault array present to the

east of the Modgunn Arch.
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Figure 4.2: Seismic cross section detailing the lateral continuity of seismic units and key seismic H@jaor
interpreted seismic datajB.ithology overlay to show lateral continuity of litegly between case study ars
(H1) Plio-Pleistacene Unconformity,H4) Mid-Miocene Unconformity (H9) Top Rogaland Groypl10) Intre
Rogaland. T2 and T1 refer to terraces from the northeead wall of the Storegga Slide.)(The vertice
distribution of faulted intervals within the lithological forn@is and showing the fault families of Master fe
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